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The  effects  of  atmospheric  humidity  and  of  internal  hydrogen  on  localized 
surface  ductility  of  a  A1  2219-T851  alloy  have  been  characterized.  A  refer¬ 
ence  gauge  technique  was  used  to  measure  the  peak  tensile  plastic  strains 
which  develop  during  fatigue  within  individual  grains  at  the  surface  of 
the  alloy.  These  are  sensitive  to  environment  and  can  exceed  0.5%,  even 
when  the  bulk  deformation  is  linearly  elastic.  The  average  strain  at  the 
surface  is  controlled  by  the  subsurface,  rr  .ulting  in  a  mixed  pattern  of 
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tensile  and  compressive  strains  from  grain  to  grain,  The  hysteresis  loops 
open  more  rapidly  with  fatigue  within  grains  haying  large  distances  of 
slip  between  boundaries  at  the  surface, Constituent  particle6  fractured 
when  the  width  of  the  local  stress-strain  hysteresis  loop  •  +o  a 

critical  value.  A  simple  strain  energy  criterion  for  par  ..  c  fr.  ,r  is 
used  to  model  the  probability  of  particle  fracture  from  th  ■  oi.-,-.  n c,; 
slip  from  the  particle  to  the  grain  boundary.  Agreement  is  <■ 
experimental  data  by  assuming  that  environmental  factors  alter  -t. 
local  ductility  of  the  matrix  material  within  individual  grains, 
the  particle  fracture  surface  energy.  Ambient  humidity  is  fc^  to  Je 
crease  the  rate  of  fatigue  induced  owning  of  the  local  stru  i-str  ;n  ^s- 
teresis  loops.  Internal  hydrogen  increases  the  rate,  Concomi i  ntly f  sub¬ 
stantially  more  particles  are  fractured  in  an  alloy  containing  even  small 
amounts  (l<ppm)  of  internal  hydrogen. 

The  local  ductility  cf  the  surface  also  plays  a  role  in  the  rate  of 
propagation  of  short  surface  cracks.  Crack  tip  plasticity  is  much  1 irger 
than  the  strains  involved  in  crack  initiation,  and  the  sensitivity  to 
environment  is  partially  reversed  for  crack  growth.  By  measuring  crack 
tip  opening  displacements  we  find  that  both  internal  hydrogen  and  ambient 
humidity  reduce  the  ductility  of  the  material  at  the  tip  of  small  surface 
cracks.  This  leads  to  accelerated  growth  rates.  It  appears  that  at  small 
strains  (<0. 3%)  hydrogen  increases  the  local  ductility  of  the  2219  matrix 
material,  whereas  at  large  strains  ( >1%)  it  decreases'  ductility.  The 
observation  that  humidity  and  internal  hyd' jgen  change  the  ductility  in 
opposite  directions  at  small  strains  provides  indirect  evidence  that  hydro¬ 
gen  does  not  penetrate  the  oxide  surface  barrier  until  a  crack  is  formed. 
The  reduced  surface  ductility  in  humid  air  is  attributed  to  the  tangling 
of  dislocations  underneath  the  surface  oxide, 
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In  Fig.  5,  Is  the  larger  of  the  two  grain  widths  through  v 
-tbe..mjca  flake,  measured  at  a  45°  angle  to  the  principal 
s  t  r e  ss  ax  1  s  ; .  v v;wr*-*  .  .  . . , . . .  6 

Typical  micrographs  of  an  area  near  the  edge  of  a  mica . ~~ . . 

flake:  a)  before  loading,  b)  after  loading.  Dual 
magnification  Is  used  to  facilitate  relocation  of  the 
measurement  point  after  loading  with  the  low  magnifica¬ 
tion  half  at  3000  X  and  the  high  magnification  half  at 
30,000  X.  The  mica  edge  Is  to  the  left  In  all  views. 

The  substrate  In  (b)  Is  580A  further  to  the  right  of  the 

mica  than  In  (a).  The  shift  Is  much  easier  to  see  when 

the  pair  of  micrographs  are  viewed  stereoscopical  1y .  7 

A  floating  point  device  as  pictured  In  (a)  Is  used  to 
measure  displacement  of  the  substrate  relative  to  the 
mica.  The  pointer  on  the  left  Is  fixed  while  that  on 
the  right  moves  laterally  by  turning  the  micrometer. 

The  observer  places  the  Instrument  over  the  two  micro¬ 
graphs  (before  and  after  loading  at  the  same  position, 
either  A  or  B)  and  using  a  stereoscopic  viewer,  adjusts 
the  traveling  pointer  so  that  it  first  appears  to  lay  at 
the  height  of  the  substrate.  This  Is  Illustrated  In 
(b)  as  position  2  (point  A  on  the  substrate  has  moved 
during  the  loading  cycle).  The  traveling  pointer  Is 
then  adjusted  so  that  It  appears  to  He  at  the  same 
height  as  the  mica  (position  1).  The  linear  displace¬ 
ment  read  on  the  micrometer  Is  AL  at  point  A.  Accuracy 
In  the  measurement  of  AL  Is  substantially  Improved  by 
stereoscopic  viewing., . . . . .  9 
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ABSTRACT 

The  effects  of  atmospheric  humidity  and  of  internal  hydrogen  on 
localized  surface  ductility  of  a  A1  2219-T851  alloy  have  been  characterized. 

A  reference  gauge  technique  was  used  to  measure  the  peak  tensile  plastic 
strains  which  develop  during  fatigue  within  individual  grains  at  the  surface 
of  the  alloy.  These  are  senstive  to  environment  and  can  exceed  0.5%,  even 
when  the  bulk  deformation  Is  linearly  elastic.  The  average  strain  at  the 
surface  Is  controlled  by  the  subsurface,  resulting  in  a  mixed  pattern  of 
tensile  and  compressive  strains  from  grain  to  grain.  The  hysteresis  loops 
open  more  rapidly  with  fatigue  within  grains  having  large  distances  of  slip 
between  boundaries  at  the  surface.  Constituent  particles  are  fractured  when 
the  width  of  the  local  stress-strain  hysteresis  loop  Increases  to  a  critical 
value.  A  simple  strain  energy  criterion  for  particle  fracture  Is  used  to 
model  the  probability  of  particle  fracture  from  the  distance  of  slip  from  the 
particle  to  the  grain  boundary.  Agreement  Is  achieved  with  experimental  data 
by  assuming  that  environmental  factors  alter  only  the  local  ductility  of  the 
matrix  material  within  Individual  grains,  and  not  the  particle  fracture 
surface  energy,  tonbient  humidity  Is  found  to  decrease  the  rate  of  fatigue 
Induced  opening  of  the  local  stress-strain  hysteresis  loops.  Internal 
hydrogen  Increases  the  rate.  Concomltently,  substantially  more  particles  are 
fractured  In  an  alloy  containing  even  small  amounts  (<  1  ppm)  of  Internal 
hydrogen. 

The  local  ductility  of  the  surface  also  plays  a  role  In  the  rate  of 
propagation  of  short  surface  cracks.  Crack  tip  plasticity  is  much  larger  than 
the  strains  Involved  In  crack  Initiation,  and  the  sensitivity  to  environment 
Is  partially  reversed  for  crack  growth.  By  measuring  crack  tip  opening  dis¬ 
placements  we  find  that  both  Internal  hydrogen  and  ambient  humidity  reduce  the 
ductility  of  the  material  at  the  tip  of  small  surface  cracks.  This  leads  to 
accelerated  growth  rates.  It  appears  that  at  small  strains  (<  0.3%)  hydrogen 
Increases  the  local  ductility  of  the  2219  matrix  material,  whereas  at  large 
strains  (>  1%)  It  decreases  ductility.  The  observation  that  humidity  and 
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Internal  hydrogen  change  the  ductility  In  opposite  directions  at  small  strains 
provides  Indirect  evidence  that  hydrogen  does  not  penetrate  the  oxide  surface 
barrier  until  a  crack  is  formed.  The  reduced  surface  ductility  In  humid  air 
Is  attributed  to  the  tangling  of  dislocations  underneath  the  surface  oxide. 
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1.0  INTRODUCTION 

Ambient  environment  can  alter  the  mechanical  properties  of  metals. 

Most  alloys  are  susceptible  to  aggressive  environments  which  corrode  the  sur¬ 
face  or  otherwise  alter  local  microstructure  and  enhance  crack  Initiation  and 
growth.  The  acceleration  of  grain  boundary  cracking  due  to  oxidation  of 
metals  at  elevated  temperature  is  one  of  many  such  effects.  In  materials 
embrittled  by  hydrogen,  protons  may  penetrate  below  the  surface  and  change 
bulk  properties  [1,2].  The  modification  of  alloy  elastic  modulus  by  hydrogen 
is  an  especially  well  docomented  effect  of  this  type  [3].  Some  milder 
envi ronmental -surface  interactions  apparently  result  from  an  interrelationship 
between  surface  films  and  near  surface  dislocation  structure  [4].  Usually  those 
effect  only  the  surface,  but  Duquette  [5]  has  reported  one  example  in  which  bulk 
tensile  strength  is  thought  to  be  controlled  by  non-aggressive  surface  environ¬ 
ments.  Cyclic  loading  apparently  enhances  environmental  effects,  probably 
because  the  changes  are  accumulative.  Quantitative  characterization  of  the 
mechanical  properties  of  thin  surface  layers,  subject  to  environmental 
Influence,  has  been  hampered  by  the  lack  of  suitable  experimental  techniques. 

We  describe  here  several  new  methods  to  measure  the  small  localized 
plastic  surface  strains  which  are  precursors  to  fatigue  Induced  crack  Initiation 
and  early  growth  in  alloys.  One  of  these  [6]  allows  data  to  be  obtained  for 
alloy  matrix  material  within  Individual  surface  grains,  so  that  correlations 
between  environment,  local  grain  size  and  local  microplastic  deformation  can  be 
studied.  These  methods  are  applied  to  Investigate  the  roles  of  ambient  humidity 
and  of  Internal  hydrogen  in  determining  the  ductility  of  the  surface  of  aluminum 
alloys. 

Two  degrees  of  surface  plastic  strain  are  distinguished  in  assessing 
the  role  of  hydrogen  and  humidity  on  surface  ductility. 

Small  Strain  Case  -  During  cyclic  linear  elastic  loading  of  bulk 
aluminum  specimens,  the  surface  undergoes  progressive  changes  in  Its 
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mechanical  properties.  These  changes  occur  only  in  grains  of  appropriate 
orientation  and  cross  section  at  the  surface  and  are  effected  by  environment 
In  a  pronounced  way.  The  changes  are  best  characterized  oy  measuring  the 
local  stress-strain  hysteresis  loops  within  individual  surface  grains.  One 
experimental  technique  we  describe  is  used  to  measure  a  parameter  which  is 
approximately  proportional  to  the  width  of  the  hysteresis  loop. 

Large  Strain  Case  -  Early  growth  of  short  surface  cracks  involves 
large  amounts  of  localized  plastic  deformation  at  the  surface  crack  tips.  By 
measuring  the  opening  of  the  crack  tip  at  the  surface  we  obtain  a  parameter 
which  depends  upon  the  ductility  of  the  material  In  the  plastic  zone.  This 
analysis  is  possible  because  the  size  of  the  plastic  zone  is  constrained  by 
the  grain  boundaries. 

Results  from  prior  years  are  summarized,  and  new  findings  to  complete 
the  description  of  our  current  understanding  of  the  interplay  between  environ¬ 
ment,  local  surface  ductility,  and  crack  initiation  and  short  crack  growth  are 
presented  in  this  report.  A  strain  energy  density  model  of  crack  Initiation 
at  constituent  particles  is  proposed  and  is  used  to  predict  the  effect  of 
humidity  and  of  internal  hydrogen  on  crack  initiation  in  A1  2219-T851  from 
localized  matrix  mlcropl ast^clty  data.  Measurements  to  assess  the  relation¬ 
ship  of  surface  ductility  to  early  crack  growth  during  fatigue  are  also  dis¬ 
cussed.  To  conclude,  crack  initiation  and  growth  models  are  combined  to  pre¬ 
dict  from  alloy  grain  size  and  hydrogen  content  the  statistical  scatter  In 
fatigue  lifetime  of  A1  2219-1851.  These  predictions  are  tested  experimental^. 
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2.0  LOCALIZED  PLASTIC  DEFORMATION  OF  THE  SURFACE  -  THE  SMALL  STRAIN  CASE 


All  who  have  studied  fatigue  crack  Initiation  recognize  that  the 
surface  is  an  especially  vulnerable  site  for  crack  development.  Even  for  bulk 
elastic  loading,  vlsable  microscopic  distortions  of  the  surface  present  graphic 
evidence  of  localized  plastic  deformation  during  fatigue,  apparently  permitted 
by  the  partial  absence  of  bulk  constraints  or  the  dislocation  motion.  Usually 
the  magnitude  of  the  localized  plastic  strains  are  unknown.  Also  competing 
mechanisms  to  rationalize  environmental  affects  can  be  difficult  to  assess. 

For  Instance,  constituent  particle  fracture  in  A1  2219-T851  is  enhanced  by 
Increased  alloy  hydrogen  content.  Is  this  because  hydrogen  decreases  the 
particle  fracture  energy,  or  does  hydrogen  increase  the  fatigue  Induced 
localized  plastic  strains  in  the  alloy  matrix?  Experiments  to  resolve  this 
question  are  discussed,  and  it  Is  concluded  that  the  latter  explanation  Is 
correct.  Also  results  are  presented  that,  at  small  strains.  Internal  hydrogen 
and  Increased  environmental  humidity  change  the  surface  ductility  in  opposite 
ways.  We  conclude  that  hydrogen  is  not  the  active  element  in  embrittlement  of 
aluminum  by  water  vapor,  at  small  strains.  A  reference  gauge  technique  to 
measure  surface  plasticity  Is  described.  Results  obtained  with  this  technique 
are  given  In  detail.  A  model  to  predict  the  probability  of  constituent 
particle  fracture  from  local  plastic  strain  Is  presented  and  Is  applied  to 
predict  the  effects  of  Internal  hydrogen  and  of  ambient  humidity  on 
constituent  particle  fracture  in  two  heats  of  A1  2219-T851  of  30  and  60  um 
grain  size.  These  predictions  compare  adequately  with  experimental  data. 


Measurement  of  Localized  Strains 


Small  Reference  Gauges 


2.1.1  Introduction 

For  fatigue  at  stress  amplitudes  substantially  less  than  the  alloy 
yield  strength,  plastic  slip  near  the  specimen  surface  is  blocked  by  the  g‘.»1n 
boundaries  [7,8].  Crack  Initiation  Is  attributable  to  a  progressive  Increase 
In  localized  microplasticity  within  Individual  grains  [9,10],  Models  of  this 
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process  are  commonly  divided  Into  two  sequential  parts.  First,  the  peak 
tensile  plastic  strain  produced  within  an  individual  grain,  on  each  loading 
cycle,  Is  predicted  with  an  appropriate  model  of  mobile  dislocation  develop¬ 
ment.  Next,  an  Initiation  criterion  is  employed  to  relate  the  probability  of 
crack  formation  to  the  type,  geometry  and  mechanical  properties  of  the  site  of 
weakness  within  the  grain  and  to  the  peak  plastic  strain  of  the  matrix 
material  within  the  grain. 

Such  models  can  in  principle  be  validated  by  comparing  predicted  and 
measured  rates  of  crack  Initiation.  If  disposable  model  parameters  limit  the 
sensitivity  of  such  evaluations,  the  model  describing  microplasticity  can 
Instead  be  tested  by  directly  measuring  the  amount  of  fatigue  Induced  plastic 
strain  within  Individual  grains.  In  this  section,  we  describe  a  technique  to 
make  such  measurements  which  has  several  advantages  over  other  methods  used  to 
obtain  similar  or  related  data. 

In  essence,  v,«  use  a  small  ('  20  urn)  flake  of  mica  located  within  a 
grain  of  Interest  as  a  reference  gauge  and  measure  strains  In  the  surface 
relative  to  this  gauge  In  a  scanning  electron  microscope  (SEM).  This  method 
Is  more  accurate  for  measuring  small  plastic  strains  than  selected  area 
backscatter  electron  channeling  [11]  or  stereoimaging  [12],  which  are  best 
suited  to  measure  plastic  strains  larger  than  0.5%.  It  also  avoids  the  Inter- 
perative  problem  encountered  with  channeling,  where  one  must  calibrate  the 
measurement  using  uni axl ally  strained  specimens.  The  sensitivity  to  measure 
deformation  at  the  surface  with  a  reference  gauge  appears  to  be  comparable  to 
that  obtained  by  Pangborn  et  al .  [13]  with  their  use  of  X-ray  double  crystal 
dlffractometry,  but  the  reference  gauge  data  are  obtained  directly  in  terms  of 
local  strain  and  are  simpler  to  relate  to  current  initiation  models.  The 
reference  gauge  method  permits  crack  Initiation  models  to  be  evaluated  by 
measuring  peak  strains  In  preselected  grains  containing  potential  initiation 
sites  of  Interest. 

The  capabilities  and  limitations  of  the  technique  are  described. 
Results  are  presented  for  an  Al  2219-T851  alloy  for  which  progressive  fatigue 
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at  stress  amplitudes  below  the  yield  strength  produces  Increasing  plastic 
strain  at  the  surface,  with  preference  for  development  of  the  largest  plastic 
strain  In  the  larger  grains.  Elastic  strains  in  the  smaller  grains  at  the 
surface  are  shown  to  be  driven  into  compression  during  unloading  to  accommo¬ 
date  these  changes. 

2.1.2  The  Strain  Measurement  Technique 

The  strain  measurement  technique,  illustrated  it.  Fig.  1,  ut111i.es  as 
a  reference  gauge  a  flat  particle  of  mica  lying  on  the  specimen  surface  within 
a  grain.  We  measure  the  distance  L  between  points  A  and  B  on  the  substrate  at 
zero  externally  applied  stress  and  then  load,  In  the  microscope,  the  surface 
through  a  tensile  cycle  returning  to  zero  applied  stress.  The  new  distance  L' 
between  A  and  B  Is  then  determined  and  the  residual  cyclic  strain  parallel  to 
the  principal  stress  axis  Is  defined  as 

e  *  AL/L  »  (L1  -  L)/L.  (1) 

The  measurement  thus  determines  the  width  of  the  stress-strain  hysteresis  loop 
at  zero  external  load.  If  e  Is  different  from  zero,  local  yielding  has  taken 
place,  although  not  necessarily  within  the  grain  of  measurement,  e  Is  the  sum 
of  the  local  plastic  strain  and  the  Internal  elastic  strain  necessary  to 
accommodate  yielding  in  surrounding  grains. 

The  mica  flake  provides  a  reference  which  substantially  increases  the 
accuracy  of  the  measurement  of  AL.  High  resolution  SEM  micrographs  are 
obtained  which  show  both  the  substrate  and  the  mica  edge  (Fig.  2).  Such 
micrographs  taken  before  and  after  loading  at  each  point  A  and  B  are  then 
observed  with  a  stereoscopic  viewer.  Small  relative  displacement  In  position 
between  the  mica  and  substrate  In  the  before  and  after  loading  pairs  causes 
the  edge  of  the  mica  to  appear  to  lie  at  a  different  deptu  „nan  the  substrate. 
Displacement  of  the  substrate  relative  to  the  mica  can  accurately  be  deter¬ 
mined  with  a  floating  point  device  such  as  In  common  use  in  aerial  mapping 
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(Fig.  3.).  The  apparent  height  of  the  arrow  above  the  substrate  Is  a  function 
of  the  true  distance  between  the  arrows  under  the  viewer.  The  observer 
adjusts  the  traveling  arrow  so  that  It  first  appears  to  lie  at  the  same  depth 
as  the  substrate,  and  then  at  the  same  depth  as  the  mica,  and  records  the 
linear  displacement  of  the  traveling  arrow  by  using  a  micrometer.  AL  Is  the 
sum  of  the  linear  displacements  at  points  A  and  B.  The  human  eye  uses  the 
entire  image  to  make  apparent  height  decisions  and  the  resulting  sensitivity 
In  measurement  of  displacement  can  be  substantially  better  than  that  obtained 
from  direct  measurements  off  the  micrographs.  With  good  micrographs  the 
statistical  scatter  from  repeated  measurements  In  displacement  obtained  with 
our  equipment  Is  ±  0.005  cm.  Using  micrographs  taken  at  a  magnification  of 
35  x  103,  we  can  measure  AL  to  ±20  A.  The  resulting  sensitivity  In  strain  Is, 
of  course,  a  function  of  the  gauge  length,  L.  Strains  of  0.01%  ±0.005  can  be 
measured  within  Individual  grains  with  optimum  microscope  resolution. 

There  are  several  tricks  to  make  this  technique  work  well.  Mica 
flakes  In  a  size  range  of  15  to  60  urn  can  be  prepared  using  a  rotating  blade 
glass  cutter  to  crush  mica  In  a  mortar.  The  best  flakes  are  very  thin  and 
flat  so  that  they  maintain  close  contact  with  the  substrate,  and  thus  both  the 
mica  edge  and  the  substrate  can  be  brought  Into  simultaneous  focus  In  the  SEM. 
An  added  advantage  of  thin,  flat  mica  flakes  is  that  they  are  less  likely  to 
tilt  relative  to  the  substrate  as  a  result  of  the  loading.  Such  movement 
would  introduce  error  Into  the  strain  measurement.  In  our  experience,  tilting 
occurs  for  about  one  particle  out  of  20  and  is  easily  recognized,  since  dif¬ 
ferent  points  on  the  mica  edge  appear  to  lie  at  different  heights.  There  Is 
no  accurate  way  to  correct  for  tilting  and  data  from  such  particles  are  not 
used.  It  Is  not  necessary  to  coat  the  mica  particles  to  prevent  charging  In 
the  SEM,  but  stlgmatlon  of  the  electron  beam  In  the  vicinity  of  a  particle 
measurement  site  is  advisable. 
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b)  BEFORE  LOADING  MICROGRAPH  AFTER  LOADING  MICROGRAPH 


Fig.  3  A  floating  point  device  as  pictured  In  (a)  Is  used  to  measure 

displacement  of  the  substrate  relative  to  the  mica.  The  pointer  on 
the  left  Is  fixed  while  that  on  the  right  moves  laterally  by  turning 
the  micrometer.  The  observer  places  the  Instrument  over  the  two 
micrographs  (before  and  after  loading  at  the  same  position,  either  A 
or  B)  and  using  a  stereoscopic  viewer,  adjusts  the  traveling  pointer 
so  that  It  first  appears  to  lay  at  the  height  of  the  substrate.  This 
Is  Illustrated  In  (b)  as  position  2  (point  A  on  the  substrate  has 
moved  during  the  loading  cycle).  The  traveling  pointer  Is  then 
adjusted  so  that  It  appears  to  lie  at  the  same  height  as  the  mica 
(position  1).  The  linear  displacement  read  on  the  micrometer  Is  AL 
at  point  A,  Accuracy  In  the  measurement  of  AL  Is  substantially 
Improved  by  stereoscopic  viewing. 
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2.1.3  Experimental 


>roach 


Tapered  cantilever  flexural  fatigue  specimens  were  prepared  from 
rolled  plate  stock  of  A1  2219 -T851  with  the  specimen  surface  in  the  rolling 
plane  and  with  the  principal  stress  axis  parallel  to  the  rolling  direction. 
The  mean  grain  size  in  the  rolling  direction  was  80  um  and  in  the  long  trans¬ 
verse  direction  was  60  um.  The  alloy  yield  strength  was  338  MPa.  The  speci¬ 
mens  were  machined  with  progressively  decreasing  cutting  depths  to  minimize 
residual  surface  stresses.  They  were  mechanically  polished  ending  with 
0.05  um  A1 2O3  powder  and  chemically  etched  to  reveal  the  grain  boundaries. 
Residual  stress  measurements  using  X-ray  diffraction  Indicated  all  samples 
were  within  ±20  MPa  of  being  stress  free. 


The  specimens  were  fatigued  in  dry  air  in  flexure,  using  stroke  con¬ 
trol  and  fully  reversed  loading  (R  *  -1),  and  were  then  lightly  dusted  with 
mica  flakes.  Flakes  within  grains  of  Interest  were  located  by  optical  micro¬ 
scopy  (250x).  These  were  chosen  for  use  as  a  reference  only  If  they  appeared 
to  lie  flat  on  the  substrate,  with  at  least  15  um  of  gauge  length  parallel  to 
the  stress  axis  within  a  grain.  A  map  of  the  location  of  each  was  made  using 
an  XY  stage  on  the  optical  microscope  which  was  then  transferred  to  another 
map  compatible  with  the  XY  stage  of  the  SEM,  This  facilitated  the  rapid  loca¬ 
tion  of  the  chosen  measurement  sites  in  the  SEM.  The  grain  size  at  a  measure¬ 
ment  site  was  determined  from  the  optical  micrographs. 


Flexural  loading  through  the  tensile  half  loading  cycle  was  done  In 
the  SEM  using  the  jig  pictured  In  Fig.  4.  A  reversing  drill  connected  to  a 
rotary  feedthrough  Into  the  SEM  was  used  to  operate  the  jig.  Measurements 
were  made  at  zero  load  to  avoid  tilting  of  the  surface  which  could  Introduce 
error.  To  obtain  the  proper  hysteresis  loop,  unloading  In  air  after  fatigue 
was  completed  through  the  compressive  half  cycle. 


2.1.4  Example  Results  and  Discussion 


Measured  values  of  residual  cyclic  strain,  e,  are  given  In  Fig.  5  for 
A1  2219-T851,  plotted  as  a  function  of  the  maximum  slip  distance  to  the  grain 
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Fig.  4  Jig  used  to  load  a  flexural  fatigue  specimen  in  the  SEM.  A 

reversing  drill  is  connei  ted  through  a  rotary  feedthrough  into 
the  microscope  to  the  shaft  A  whuh  moves  the  load  bar  B  up  or 
down  along  guide  shafts  via  a  worm  gear.  Surface  stress  on  the 
specimen  (C)  is  calibrated  to  tin?  deflection  of  R,  which  is 
monitored  by  counting  drill  revolutions  (typically  450  turns 
to  yield).  Data  are  taken  from  grains  only  within  trie  region 
defined  by  the  parallel  lines. 
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boundaries  measured  through  the  center  of  the  measurement  site.  As  illustra¬ 
ted  in  Fig.  1,  the  maximum  slip  distance  within  the  grain  Is  measured  at  a  45° 
angle  to  the  principal  stress  axis.  Data  are  presented  for  two  cases.  The 
open  circles  are  for  a  specimen  cycled  through  a  single  half  loading  cycle 
with  a  peak  surface  stress  of  amax  =  270  MPa  (0.75  ayield)*  The  res-idual 
strains  for  all  grain  sizes  are  Indistinguishable  from  zero,  Indicating  the 
material  Is  purely  elastic  for  the  first  tensile  loading  cycle. 

We  have  found  that,  at  least  initially,  values  of  e  in  the  larger 
grains  progressively  Increase  with  fatigue.  Tens  of  thousands  of  cycles  are 
required  to  produce  maximum  values  of  e  In  the  largest  grains  in  the  alloy  at 
amax  *  270  MPa*  Data  after  20  x  103  cycles  of  fatigue  In  dry  air  are  given  by 
the  solid  circles  In  Fig.  5.  These  clearly  show  a  preference  for  e  to  be 
largest  In  the  larger  grains,  consistent  with  models  proposed  by  Ch,  g  et  al. 
[14]  and  Tanaka  and  Mura  [10]  describing  fatigue  crack  Initiation.  The 
strains  are  quite  large  and  must  require  that  substantial  redistribution  of 
the  local  stresses  within  the  neighboring  grains  occur  to  accommodate  the 
fatigue  Induced  microplasticity.  For  Instance,  small  grains  In  which  e  Is 
negative  are  found  to  lie  at  the  boundaries  of  large  grains  In  which  e  is 
positive.  Apparently,  a  large  grain  yields  In  tension  and,  on  unloading, 
Imposes  an  elastic  compression  on  Itself  and  neighboring  grains.  Undoubtabiy, 
the  true  peak  tensile  plastic  strain  in  the  larger  grains  was  larger  than  the 
measured  e. 

The  expected  error  In  the  measurement  of  e  Is  small  compared  to  the 
observed  scatter,  which  can  be  attributed  to  such  factors  as  the  variation  of 
the  grain's  crystallographic  orientation,  the  depth  of  the  subsurface  grain 
boundary,  and  the  location  of  the  measurement  site  within  the  grain.  If  we 
allow  for  a  possible  0.2%  compressive  elastic  strain  reacting  on  the  large 
grains,  It  appears  likely  that  th^  peak  localized  tensile  plastic  strain  In 
the  surface  may  exceed  0.5%  after  20  x  103  cycles.  Thus,  it  Is  not  surprising 
that  surface  constituent  particles  In  Al  2219-T851  fracture  In  the  larger 
grains  In  substantial  numbers  after  such  fatigue  [9,15]. 
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We  believe  these  changes  are  localized  near  the  surface.  No  opening 
of  the  bulk  stress-strain  hysteresis  loop  was  observed  in  axial  fatigue  of 
smooth  bar  specimens  of  A1  2219-T851  cycled  at  omax  =  270  MPa,  verifying  that 
bulk  plastic  deformation  did  not  take  place.  The  measurement  of  residual  sur¬ 
face  strains  thus  provides  a  unique  opportunity  to  study  fatigue  Induced 
changes  in  surface  ductility,  and  a  comprehensive  evaluation  of  these  pro¬ 
cesses  in  aluminum  and  its  relationship  to  crack  initiation  is  presented  in 
Section  2.2. 

The  possibility  of  applying  the  reference  gauge  technique  to  measure 
local  modulus  and  the  local  flow  stress  is  also  apparent.  These  measurements 
require  determination  of  strain  under  load  which,  on  flexural  loading  samples, 
causes  the  surface  to  tilt.  As  a  result,  the  measured  values  of  strain  will 
be  scattered  about  the  true  strain  due  to  a  change  In  perspective  of  the  mica 
relative  to  the  substrate,  as  mentioned  previously.  If  the  particle  is  of  a 
nearly  uniform  thickness,  this  error  will  be  small.  A  more  direct  way  to 
eliminate  the  perspective  problem  would  be  to  use  an  axial  loading  stage. 

2 . 2  Effects  of  Ambient  Water  Vapor  and  Internal  Hydrogen  on  Surface 

Microplasticity  and  Crack  Initiation 

2.2.1  Introduction 

The  surface  of  an  alloy  Is  a  favorable  site  for  fatigue  crack  initia¬ 
tion.  It  is  exposed  to  the  ambient  environment,  and  its  mechanical  properties 
are  altered  from  those  of  the  bulk  by  surface  oxide  and  by  the  penial  absence 
of  constraints  on  the  deformation.  Pioneering  research  by  Thompson  et  al.  [16] 
demonstrated  that  Initial  fatigue  damage  can  be  concentrated  very  near  the 
surface.  They  found  that  periodic  removal  of  shallow  surface  layers  during 
fatigue  extended  the  fatigue  life  of  commercially  pure  copper.  Kramer  [17] 
has  subsequently  reported  the  same  effect  for  a  number  of  materials.  But 
despite  many  eloquent  studies  of  dislocation  structure  precursive  to  fatigue 
crack  Initiation,  quantitative  models  of  initiation  have  been  slow  in  develop¬ 
ing.  Until  recently,  there  has  not  been  a  strong  need  for  such  insight.  Now, 
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new  lifetime  prediction  techniques  require  models  that  predict  cycles  to  crack 
formation  from  the  localized  microstructure  at  potential  sites  of  crack  ini¬ 
tiation  [18].  A  m«jor  constraint  to  the  rapid  success  of  recent  efforts  in 
initiation  modeling  has  been  the  extreme  difficulty  in  measuring  localized 
changes  in  the  mechanical  properties  of  the  surface  which  are  associated  with 
fatigue.  Consequently,  there  Is  still  no  concensus  regarding  the  manner  In 
which  fatigue  induced  deformation  in  the  alloy  matrix  actually  leads  to  crack 
formation. 

Contemporary  theories  separate  the  crack  initiation  process  into  two 
parts.  Dislocation  models  are  used  to  calculate  the  degree  of  localized 
microplastic  strains  developed  within  individual  grains;  the  strains  are  sen¬ 
sitive  to  local  grain  size  and  thus  microstructure  as  well  as  other  ancillary 
factors  such  as  the  environment.  The  actual  cycles  to  crack  Initiation  are 
subsequently  determined  by  imposing  a  fracture  criterion  which  is  determined 
by  the  nature  of  the  cracking  site.  For  instance,  in  modeling  constituent 
particle  fracture,  both  Chang  et  al.  [14]  and  Tanaka  and  Mura  [10]  assumed 
that  a  particle  breaks  when  the  elastic  strain  energy  in  the  particle  equals 
the  energy  required  to  form  the  new  fracture  surface.  Elastic  strain  within 
the  particle  arises  from  dislocation  pile-ups  at  the  matrix-particle  Inter¬ 
face.  There  Is  ample  qualitative  evidence,  however,  that  microplasticity  is 
not  the  only  driving  force  for  crack  initiation.  For  example,  in 
Al  22 19-T851 ,  the  crack  Initiation  habit  changes  with  cyclic  stress  amplitude 
as  well  as  with  cycles  (Fig.  6).  Certainly,  each  fracture  mode  requires  its 
own  Initiation  criterion.  However,  all  three  modes  of  cracking  cannot  be 
responsive  to  microplasticity  alone  because  their  order  of  occurrence  changes 
with  cyclic  stress  amplitude. 

Consequently,  the  state  of  deformation  of  the  matrix  precursive  to 
crack  initiation  must  be  characterized  by  other  factors  in  addition  to  Its 
degree  of  microplasticity.  The  hardness  of  the  surface  appears  to  be  one  such 
factor.  Fifteen  years  ago,  Grosskreutz  [4]  examined  near  surface  dislocation 
structures  in  Al  1100  and  found  them  to  be  sensitive  to  the  mechanical 


15 

C4196A/bw 


PEAK  STRESS,  %  YIELD  x  10 


Rockwefl  International 

Science  Center 


SC5211.3FR 

properties  of  the  surface  oxide.  Dislocation  tangles  indicative  of  hardening 
in  strained  samples  were  more  easily  developed  under  the  thick  coherent  oxides 
which  formed  In  humid  air.  Subsequently,  Kramer  [17]  has  argued  that 
hardening  of  the  surface  Is  requi red  for  fatigue  crack  initiation.  Supporting 
this,  Pangborn  et  al.  [13]  have  recently  presented  data  for  an  A1  2024-T3 
alloy  that  shows  a  correlation  between  localized  hardening  and  fatigue 
lifetime.  Their  x-ray  double-crystal  di ft'ractometry  technique  involving  high 
resolution  Imaging  of  the  lattice  distortion  is  biased  toward  determination  of 
the  excess  dislocation  density  In  the  largest  surface  grains.  It  appears, 
then,  that  cyclic  hardening  cf  the  matrix  material  within  a  large  grain  in 
2024  may  be  a  precursor  to  clacking  In  the  grain. 

We  examine  the  influence  on  crack  Initiation  of  both  localized 
microplasticity  and  cyclic  surface  hardening  by  measuring  local  plastic 
strains  within  individual  grains.  Effects  of  humidity  and  heat-to-heat 
variations  in  the  alloy  hydrogen  content  are  also  assessed  by  this  method. 

The  microplastic  response  of  the  alloy  surface  is  characterized  by  using  the 
reference  gauge  technique  described  in  Section  2.1.  Measurements  on 
Al  2219-T851  show  that  the  localized  plastic  strains  which  occur  at  peak 
tensile  Toads  within  individual  grains  increase  progressively  with  fatigue  at 
a  rate  which  Increases  with  grain  size.  While  the  microplasticity  Initially 
increases  more  rapidly  within  large  grains,  Its  development  is  ultimately 
retarded  by  cyclic  hardening  of  the  surface.  Furthermore,  the  maximum  mlcro- 
pTastic  strains  obtained  during  fatigue  are  effected  both  by  the  atmospheric 
humidity  and  by  the  internal  hydrogen  content  of  the  alloy.  Crack  Initiation 
In  the  2219  alloy  takes  place  at  constituent  particles,  apparently  at  a  cri¬ 
tical  value  of  local  plastic  strain,  and  thus  the  ra< o  of  particle  fracture  Is 
sensitive  to  both  humidity  and  to  alloy  hydrogen  content. 

We  show  that  Internal  hydrogen  substantially  increases  the  early 
development  of  microplasticity  and  enhances  the  rate  of  particle  fracture. 
Heat-to-heat  variations  in  hydrogen  content  as  small  as  1  ppm  have  an  Impor¬ 
tant  effect  on  the  fatigue  lifetime  of  Al  2219-T851.  Moist  air,  however,  has 


17 

C4196A/bw 


iii  .ilt  L.  1  u 


L  -i  ulfc  i,tii  M&Lu ifclfti 


Rockwell  International 

Science  Center 


SC52U.3FR 

an  opposite  effect  In  that  the  development  of  microplasticity  Is  delayed  and 
the  maximum  plastic  strain  Is  decreased  from  that  attained  In  dry  air. 
Apparently,  the  principal  effect  of  humidity  on  crack  Initiation  In  2219  does 
not  arise  from  hydrogen  liberated  by  oxidization. 


2.2.2  Experimental  Procedures 


Both  crack  Initiation  and  localized  microplasticity  data  were  obtained 
with  flexural  fatigue  specimens  such  as  shown  mounted  In  a  loading  jig  in 
Fig.  4.  Specimens  were  machined  from  plate  stock  with  the  principal  stress 
axis  parallel  to  the  rolling  direction.  The  mechanical  properties  and  grain 
size  of  each  heat  studied  are  given  In  Table  1.  To  minimize  residual  surface 
stresses  developed  during  machining,  each  specimen  was  milled  with  decreasing 
cutting  depths  and  then  mechanically  polished  with  0.05  ym  A1 2O3  powder  to  a 
mirror  finish.  Results  are  given  for  specimens  fatigued  In  stroke  control  In 
fully  reversed  loading  In  either  dry  air  or  laboratory  air  at  50-60%  relative 
humidity.  The  numbers  of  cracks  Initiated  by  fatigue  were  determined  by  scan¬ 
ning  electron  microscopy  (SEM),  by  using  the  jig  In  Fig.  4  to  place  the  sur¬ 
face  In  tension  and  open  the  cracks  for  Improved  visibility. 


Microplasticity  and  Cyclic  Hardening  Measurements 

Localized  mlcreolastic  strains  were  measured  by  a  reference  gauge 
technique  that  has  been  fully  described  elsewhere  [6]  and  In  Section  2.1. 
Briefly,  however,  the  measut  clients  were  done  as  follows.  The  specimens  were 
lightly  chemically  etched  {etchant  of  1.5%  HC1 ,  2.5%  HNO3,  0.5%  HF,  bal.  H20) 
prior  to  fatigue  to  reveal  the  grain  boundaries.  Fatigue  cycling  In  the 
ambient  environment  was  completed  In  compression  so  that  localized  plastic 
strains  could  be  measured  over  the  next  tensile  loading  cycle.  Prior  to 
transfer  of  a  specimen  into  the  SEM,  small  flat  mica  flakes  of  approximately 
20  urn  diameter  were  sprinkled  on  Its  surface.  These  acted  as  reference  gauges 
against  which  displacements  In  the  surface  were  measured.  Micrographs  of  the 
location  of  the  substrate  relative  to  the  edge  of  each  side  of  the  mica 
particle  were  obtained  at  a  magnification  of  30,000.  The  specimen  was  then 
loaded  in  tension  In  the  microscope 
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and  returned  to  zero  load,  A  net  change  In  length  of  the  substrate  relative 
to  the  particle  indicates  that  the  surface  has  yielded  microscopically  within 
the  vicinity  of  the  particle.  New  micrographs  were  taken  at  the  old  locations 
and  a  stereoscopic  technique  was  employed  to  measure  the  displacements  of  the 
substrate  relative  to  the  mica.  These  data  were  then  used  to  calculate  the 
local  strain  In  the  substrate  over  a  gauge  length  which  Is  the  width  of  the 
mica  flake.  The  procedure  measures  a  residual  strain  (Aer)  which  Is  a  sum  of 
the  tensile  plastic  deformation  and  a  compressive  elastic  reaction  (due  to  the 
constraints  from  the  surrounding  grains),  with  an  accuracy  of  t  0.005%. 
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Because  of  the  small  size  of  the  mica  reference  gauges,  these  measurements  can 
be  made  within  Individual  grains.  Cracking  densities  were  typically  low  and 
the  measurements  were  carried  out  In  grains  that  did  not  contain  fractured 
particles  or  microcracks.  This  alleviated  problems  that  could  arise  from 
local  compliance  changes. 

Hydrogen  Content  Measurements 

Heat-to-heat  variations  in  the  fatigue  behavior  of  aluminum  alloys 
are  common.  These  are  apparently  in  response  to  factors  such  as  alloy  grain 
size,  and  to  small  fluctuations  in  composition  within  the  normal  range.  It 
appears  that  small  amounts  of  hydrogen  at  the  1  ppm  level  can  substantially 
effect  the  ductility  of  the  matrix  of  aluminum.  The  reference  gauge  technique 
allows  the  true  ductility  of  the  alloy  matrix  to  be  measured  at  the  surface. 

We  have  found  two  heats  of  A1  2219-T851  which  differ  markedly  in  crack  initia¬ 
tion  behavior.  Gas  extraction  analysis  shows  that  the  hydrogen  contents  of 
these  are  both  less  than  1  ppm  (see  Table  1).  The  relative  hydrogen  contents 
of  these  two  materials  have  been  ranked  as  low  (Heat  III)  and  high  (Heat  II), 
based  on  counting  of  the  number  of  gas  bubbles  (see  Fig.  7)  formed  in  the 
materials  after  3  hours  of  annealing  at  515°C.  A  histogram  of  numbers  vs 
bubble  diameter  is  given  ror  the  two  materials  in  Fig.  8;  this  was  obtained  by 
sectioning  and  polishing  0.15  cm  thick  slabs  of  the  alloys  after  the  annealing 
procedure. 

Further  evidence  that  hydrogen  is  the  active  element  causing  the  dif¬ 
ference  in  fatigue  behavior  between  the  two  materials  was  obtained  by  measur¬ 
ing  microplastic  behavior  for  hydrogen  charged  Heat  III  samples.  Charging  was 
done  in  a  salt  bath  using  a  modified  form  of  the  procedure  developed  by 
Elkholy  et  al .  [19].  The  apparatus  is  illustrated  in  Fig.  9.  The  salt  con¬ 
sists  of  NaHSO^,  KHSO^  and  in  the  proportions  37.5/42.5/160  by  weight. 

Sufficient  water  was  added  to  produce  a  melting  temperature  of  150°C.  Charg¬ 
ing  was  done  for  4  hours  at  a  current  of  200  ma/cm^.  Best  results  were 
obtained  if  no  additional  water  was  added  during  charging.  When  this 
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Scanning  electron  micrograph  of  voids  at  constituent  particle 
sites  in  Heat  II.  These  are  typically  hemispherical,  suggestive 
of  bubbles.  Bar  is  10  pim. 
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Histogram  of  the  diameter  of  bubbles  sectioned  at  the  surface  of 
specimens  taken  from  the  center  of  the  plate  stock  for  Heats  II 
and  III,  Specimens  were  annealed  for  3  hours  at  515°C. 
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technique  Is  successfully  employed,  the  specimen  surface  Is  not  corrosively 
attacked.  Massive  amounts  of  hydrogen  are  clearly  driven  Into  the  material, 
as  seen  by  subsequently  annealing  the  specimens.  Grains  are  actually  lifted 
out  of  the  surface  by  gas  formed  at  the  boundaries  (Fig.  10).  A  redish  oxide 
on  the  specimen  surface  Is  a  sure  sign  that  something  has  gone  wrong  during 
charging,  and  typically  results  If  water  Is  added  and  not  completely  mixed 
with  the  salt  be/ore  It  contacts  the  specimen.  Specimens  exposed  to  the  salt, 
but  not  In  the  charging  loop,  show  no  significant  change  in  mlcroplastlclty 
behavior  from  the  uncharged  material. 

2,2.3  Results 

The  deformation  which  leads  to  the  fracture  of  constituent  particles 
in  A1  2219-T851  apparently  takes  place  in  a  shallow  layer  near  the  surface. 
Particles  tend  to  be  more  readily  fractured  In  grains  having  a  large  surface 
cross  section.  Also,  polishing  to  remove  only  a  few  microns  of  the  surface 
noticeably  alters  the  state  of  cyclic  hardening  of  the  material  and  effects 
early  crack  growth.  Consequently,  we  have  sought  a  correlation  between  Aep 
(measured  on  the  surface)  and  grain  size,  to  establish  the  effect  of  slip 
distance  on  the  development  of  microplasticity.  Data  are  presented  for  the 
low  hydrogen  content  Heat  III  In  moist  and  in  dry  air,  and  for  hydrogen 
charged  Heat  III  and  Heat  II  In  moist  air.  The  latter  material  apparently  has 
a  high  as-received  hydrogen  content.  The  development  of  localized  microplas¬ 
ticity  Is  found  to  be  very  sensitive  to  environmental  humidity  and  internal 
hydrogen.  These  factors  also  alter  the  propensity  for  particle  fracture 
during  fatigue  as  shown  by  experimentally  determined  fractured  particle 
densities.  We  conclude  by  demonstrating  that  measured  number  of  particles 
fractured  by  fatigue  can  be  related  to  Aer  using  a  simple  model. 

Microplasticity  Results 

A  correlation  Is  sought  between  measured  values  of  Aer  and  the  size 
of  the  grain  containing  the  measurement  site.  The  size  parameter  evaluated  Is 
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Fig.  10  Micrographs  of  the  surface  of  a  Heat  III  specimen  after  hydrogen 
charging  and  a  3  hour  anneal  at  51 5°C ,  showing  damage  to  grain 
boundaries;  (a)  optical  photograph  at  250X,  the  pits  are  at  the 
sites  of  constituent  particles  etched  out  during  charging;  (b) 
scanning  electron  micrograph  showing  lifting  of  a  grain  out  of 
the  surface  (bar  is  10  urn). 
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the  maximum  grain  width,  0,  measured  at  ±  45°  to  the  principal  stress  axis; 
these  are  the  directions  of  slip  presumed  most  likely  responsible  for  the 
observed  microplasticity,  If  Indeed  the  deformation  Is  concentrated  near  the 
surface.  All  results  were  obtained  for  loading  at  a  cyclic  stress  amplitude 
of  ±  270  MPa,  or  at  nominally  75%  of  the  yield  strength. 

Results  In  Figs.  11  and  12  are  from  Ref.  15  and  are  for  Heat  III 
cycled  In  50%  relative  humidity  air.  On  the  first  loading  cycle  the  strain  Is 
elastic.  With  Increasing  fatigue,  plastic  strains  develop  more  rapidly  at 
sites  of  large  slip.  Curves  have  been  drawn  In  Fig.  11  and  represent  expected 
trends  In  Aep.  The  strain  measurement  accuracy  Is  better  than  ±0.005%  strain, 
as  attested  by  the  results  at  zero  fatigue  cycles.  The  scatter  In  values  of 
Aer  Is  real  and  probably  arises  from  variations  In  grain  crystallographic 
orientation  and  depth.  Aer  also  depends  on  the  properties  of  other  grains 
near  each  measurement  site.  Small  grains  In  which  Aer  Is  compressive  are 
found  to  lie  near  large  grains  In  which  Aer  Is  tensile.  Apparently,  the  small 
grains  are  driven  Into  elastic  compression  In  response  to  residual  tensile 
plastic  deformation  within  the  large  grains.  Thus  Aer  places  a  lower  bound  on 
the  maximum  values  of  microplastic  strain,  Aep,  experienced  under  peak  tensile 
load. 

With  Increasing  fatigue,  Aer  reaches  a  peak  value  and  begins  to  fall 
as  the  surface  continues  to  cyclically  harden.  This  happens  earlier  for  sites 
with  large  values  of  0.  Because  of  the  statistical  scatter  In  values  of  Aer, 
this  behavior  <s  not  conclusively  demonstrated  by  Fig.  11.  In  Fig.  12  results 
are  shown  of  an  experiment  In  which  mica  particles  were  retained  at  the  same 
locations  for  measurements  after  both  5  x  io3  and  20  x  io3  cycles.  It  can  be 
seen  that  Aer  has  begun  to  decrease  in  the  400  ym  grains  after  20  x  io3 
cycles,  but  Is  continuing  to  Increase  In  200  ym  grains. 

Atmospheric  humidity  and  Internal  hydrogen  both  have  striking  effects 
on  the  development  of  localized  microplasticity  with  fatigue.  Samples  of 
Heat  III  cycled  In  dry  air  (>  0%  relative  humidity)  have  substantially 
1 ncreased  peak  values  of  Aer  (Fig,  13)  at  20  x  io3  cycles  as  compared  to  the 
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13  Measured  residual  cyclic  strain  Is  plotted  versus  the  maximum  slip 
distance  through  the  measurement  site  for  a  Heat  III  sample  cycled  In 
dry  air  for  20  x  103  cycles  at  ±270  MPa. 
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50%  relative  humidity  data  in  Fig.  11.  Thus,  humidity  decreases  the  peak 
microplastic  strain. 

The  effect  of  internal  hydrogen  content  is  to  increase  the  initial 
rate  of  development  of  microplasticity  for  values  of  Atr  up  to  0.2-0. 3%  as 
seen  in  Figs.  14  and  15.  Thereafter,  with  additional  fatigue,  the  surface 
rapidly  hardens.  The  strains  in  the  longer  grains  become  predominantly 
elastic  later  during  the  fatigue  lifetime,  resulting  In  Aep  *  0  or  Aer  <  0  if 
there  is  tensile  plasticity  in  nearby  grains.  This  effect  is  quite  clear  for 
Heat  II  material  fatigued  in  50%  relative  humidity  even  though  the  grain  size 
of  this  material  is  only  half  of  that  in  Heat  III  (Fig.  14).  The  data  for 
hydrogen  charged  Heat  III  material  are  in  the  same  direction,  but  even  more 
pronounced,  as  seen  in  Fig.  15.  In  this  case,  the  sample  could  only  be 
fatigued  to  15,000  cycles  before  substantial  surface  cracking  developed.  All 
the  data  at  15,000  cycles  exhibited  compressive  Aer  values  Indicating  that 
only  the  numerous  grains  with  sizes  less  than  50  um  were  still  being  plas¬ 
tically  deformed.  Aer  could  not  be  measured  in  these  small  grains  because  the 
mica  flakes  invariably  lay  on  a  grain  boundary. 

Fractured  Constituent  Particle  Results 

In  A1  2219-T851,  most  const. tuent  particles  are  p-phase  (Cu2FeA17) 
and  range  in  size  from  1  to  25  pm  [20].  The  particle  size  distribution  for 
Heats  II  and  III  are  essentially  the  same,  and  are  given  in  Fig.  16.  Larger 
particles  tend  to  fracture  first  dining  fatigue  [21],  This  Is  apparently  a 
consequence  of  a  critical  strain  energy  criterion  for  fracture.  Also,  con¬ 
stituent  particles  within  the  large  grains  tend  to  fracture  first,  in  response 
to  the  more  rapid  development  of  microplasticity  within  those  grains  [15,21]. 
The  numbers  of  particles/unit  area  fractured  during  fatigue  changes  with  envi¬ 
ronmental  humidity  and  with  internal  hydrogen  content.  More  particles  are 
broken  in  those  2219  materials  In  which  peak  values  of  Aer  are  large  and  are 
reached  rapidly.  To  quantify  this  observation,  counts  were  made  of  the  num¬ 
bers  of  particles  fractureo  during  fatigue  as  a  function  of  their  maximum 
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distance  of  slip  (at  ±45°)  from  the  grAln  boundaries.  Specimens  were 
fatigued,  and  both  fractured  and  unbroken  particles  were  located  by  SEM. 

Later,  the  specimens  were  chemically  etched  to  reveal  the  grain  boundaries  so 
that  the  ratio  of  fractured  particles  to  total  available  particles  (>  2  um) 
having  a  given  maximum  slip  distance  could  be  determined.  Compared  In  Fig.  17 
are  measured  and  predicted  numbers  of  particles  broken  (plotted  as  a  probabil¬ 
ity)  versus  slip  distance  for  four  cases.  The  cyclic  stress  amplitude  for  all 
experiments  was  ±270  MPa,  the  sane  as  used  to  measure  Aer.  The  slip  distance 
D  Is  defined  as  Illustrated  in  Fig.  18.  The  curves  in  Fig,  17  are  predicted 
by  the  model  described  below.  We  have  assumed  that  the  environment  alters  only 
the  surface  microplasticity  (i.e.,  Aer),  not  the  particle  fracture  energy,  and 
have  calculated  the  number  of  fracture  events  by  using  the  measured  values  of 
ACp.  The  statistical  errors  are  especially  large  for  large  0  because  the 
number  of  particles  having  a  slip  distance  more  than  150  ym  In  an  Individual 
specimen  Is  small. 

Consistent  with  our  microplasticity  observations,  particles  In  the 
larger  grains  have  a  greater  probability  of  fracture.  Also,  comparatively 
more  particles  are  fractured  In  those  materials  containing  more  hydrogen 
(I.e.,  In  hydrogen  charged  Heat  III,  Fig.  17a,  and  Heat  II,  Fig,  17b).  The 
effect  of  hydrogen  In  Heat  III  is  so  dramatic  that  It  took  only  5000  fatigue 
cycles  (Fig.  17a)  to  fracture  more  particles  than  In  the  uncharged  material 
fatigued  for  20  x  10^  cycles  (Fig.  17d). 

Fewer  particles  are  broken  for  Heat  III  fatigued  in  moist  air 
(Fig.  17d)  as  compared  to  dry  air  (Fig.  17c).  Given  the  severe  approximation 
made  In  the  model  used  In  making  the  predictions  shown,  the  agreement  between 
theory  and  experiment  Is  good  and  strongly  Indicative  of  the  major  role  of 
localized  plasticity  In  particle  fracture.  One  anomalous  observation  Is  that 
for  Heat  III  fatigued  In  moist  air,  more  particles  are  fractured  In  small 
grains  than  predicted. 
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Fig.  17  Probability  of  a  particle  being  fractured  versus  slip  distance  for 
A1  2219-T851  for  both  heats.  The  data  are  plotted  as  a  histogram 
over  25  or  50  urn  intervals  In  slip  distance.  The  bars  denote 
statistical  measurement  error.  The  solid  curves  are  predicted  from 
the  particle  fracture  model. 
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Fig.  18  (a)  SEM  micrograph  of  a  fractured  intermetal  1 ic  particle.  Particle 
width,  w,  is  measured  normal  to  the  stress  axis.  The  bar  in  the 
lower  left  corner  represents  10  /urn.  (b)  Optical  micrograph  i 11  us  - 
bating  the  slip  distance,  D,  as  the  maximum  distance  from  particle 
to  grain  boundary  at  45°  to  the  stress  axis.  The  sample  has  been 
etched  to  reveal  the  grain  boundaries  after  fatigue.  The  view  is 
normal  to  the  surface. 
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Particle  Fracture  Model 

We  present  a  model  to  predict  from  measured  values  of  Aep,  the  frac¬ 
tion  of  particles  having  a  maximum  slip  distance,  0,  from  a  grain  boundary 
which  will  have  fractured  by  N  fatigue  cycles.  We  neglect  the  effect  of  crys¬ 
tallographic  orientation  of  the  grains  on  Aer  and  define  from  experimental 
values  of  ae,  a  parameter  AEpmax(N,D),  which  Is  the  maximum  plastic  strain 
that  occurs  In  a  grain  at  or  before  N  cycles.  An  expression  Is  derived  to 
relate  Aenm,*  to  the  size  of  the  smallest  particle,  wmin,  having  slip  distance 
D  which  will  fracture  by  N  cycles.  The  percentage  of  particles  fractured  Is 
then  determined  by  using  the  distribution  In  particle  sizes  given  In  Fig.  16, 
and  Is  simply  the  number  of  particles  larger  than  wm1n  divided  by  the  total 
number  of  particles.  AEpmax  changes  with  both  alloy  hydrogen  content  and  with 
ambient  humidity,  and  the  predicted  effect  of  these  parameters  on  particle 
fracture,  given  In  Fig.  18,  derives  entirely  from  their  effect  on  Aepmax. 

After  N  cycles,  the  maximum  (upper  bound)  values  of  Aer,  (Aerub) 
measured  versus  D  varies  as  Illustrated  In  Fig.  19.  One  expects  from  the 
models  of  both  Chang  et  al .  [14]  and  Tanaka  and  Mura  [10]  that  AEpub  -  D  for 
small  0.  In  the  data  presented  here,  this  trend  Is  partially  obscured  by  the 
compressive  reaction  strains.  Because  of  cyclic  hardening,  Aerub  illustrated 
In  Fig.  19  Is  small  for  large  grain  size.  It  Is  clear  from  the  data  In 
Fig.  11,  however,  that  much  earlier  during  fatigue,  Aer  was  large  for  large 
0.  Ae  ax(N,D)  Is  defined  to  be  the  maximum  values  of  residual  strain  experi¬ 
enced  Tor  prior  to  N  cycles,  and  Is  Illustrated  by  the  dashed  line  In 
Fig.  19.  We  assume  that  AEpmax  -  Aermax.  For  clarity,  we  have  displaced 
these  two  quantities  In  Fig.  19,  but  because  one  proportionality  constant  is 
used  In  the  model  described  below,  It  suffices  to  set  Aepmax  =•  ^rmax*  To 
reiterate,  the  difference  between  Aepmax  and  Aermax  Is  that  the  compressive 
reaction  forces  have  been  added  to  Aepmax  to  obtain  Aepmax,  the  actual  maximum 
plastic  strain  possible  In  a  given  grain.  Finally,  as  shown  In  Fig.  19,  a 
linear  approximation  Is  made  to  give  AEpmax  -  <xD.  Parameter  a  Is  determined 
for  each  of  the  four  combinations  of  N  and  material  listed  In  Table  2,  by 
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Fig.  19  Schematic  representation  of  the  change  In  residual  strain,  Aer, 
function  of  slip  distance,  with  Increasing  fatigue. 
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placing  an  upper  bound  line  of  the  form  AEpmax  =  at)  through  the  experimental 
microplasticity  data  given  earlier. 


Table  2 


Approximate  Values  of  AEpmax  ( N,  D) 


Material 

Cycles  (N) 

A£pmax  vs  D 

Heat  III 

Hydrogen  Charged 

5  x  103 

2.24  x  lo-5  D 

Heat  III 

0%  Humidity 

20  x  lo3 

1.73  x  10“5  D 

Heat  III 

50%  Humidity 

20  x  103 

0.6  x  10-5  D 

Heat  II 

50%  Humidity 

20  x  103 

2.97  x  10“5  D 

A  criterion  for  fracture  proposed  by  Chang  et  al.  [14]  is  that,  at 
fracture,  the  stored  elastic  strain  energy  within  the  particle  Is  equal  to  the 
energy  required  to  produce  the  fracture  surface.  Thus  for  a  perfectly 
spherical  particle 


4tt 

r 


(|)3 


Ac  2 
(_E!£aX) 


2y  dr 2 


(i) 


where  y  Is  a  surface  energy/area  and  w  is  the  width  of  the  particle.  We  make 
the  approximation  that  all  particles  have  the  same  value  of  y,  and  hence,  for 
a  given  plasticity  the  smallest  particle  which  will  fracture  has  width 

“min  ■  S/(*W2  (2) 
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where  8  is  a  parameter  dependent  on  y.  A  value  for  8  is  chosen  based  on  the 
experlmeiical  observation  that  all  particles  2  pm  wide  and  larger  are  fractured 
In  the  hydrogen  charged  Heat  III  material  for  D  in  the  range  of  150  to  175  pm. 
Aepmax  3  00363  for  0  =  162.5  pm  in  this  material,  so 

8  *  2  pm  •  (0.00363)2 

=  2.63  x  10“5  pm  .  (3) 

The  predicted  fraction  of  particles  having  slip  distance  0  which  are  fractured 
was  calculated  for  the  four  cases  considered  In  Fig.  17  by  using  Eq.  (2). 
AEpmax  for  a  given  D  was  extracted  from  Table  2,  and  wm1n  was  found  using 
8  ■  2.63  x  10"5  pm.  Finally,  we  assumed  that  all  particles  larger  than  wm1n 
fractured  and  determined  the  resulting  fraction  of  the  total  available  for 
fracture  by  Integration  of  the  area  under  the  particle  size  distribution 
function  In  Fig.  16. 

2.2.4  Discussion 

Measurements  of  surface  microplasticity  characterize  the  mechanical 
properties  of  the  alloy  matrix  at  the  surface  and  provide  a  unique  means  to 
Investigate  fatigue  crack  initiation.  One  might  anticipate  that  hydrogen  and 
environmental  humidity  would  decrease  the  fracture  strength  of  constituent 
particles,  as  well  as  alter  the  ductility  of  the  matrix.  These  possibilities 
were  examined  separately  by  using  microplastlcy  measurements  to  determine  the 
effect  of  environment  on  matrix  ductility,  and  by  comparing  values  of  local¬ 
ized  plastic  strain  with  the  propensity  for  particles  to  fracture.  With  one 
exception  discussed  later,  we  conclude  that  the  substantial  effects  of  envi¬ 
ronmental  humidity  and  of  Internal  hydrogen  on  the  numbers  of  particles  In 
A1  2219-T851  fractured  during  fatigue  is  due  to  the  changes  these  factors 
Induce  In  the  ductility  of  the  alloy  matrix  at  the  surface. 
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Internal  hydrogen  Increases  the  initial  rate  of  formation  of 
localized  plasticity  within  individual  surface  grains.  Humid  air  decreases 
the  formation  of  localized  plasticity,  as  compared  to  that  for  fatigue  In  dry 
air.  This  trend  is  valid  for  small  plastic  strains  in  the  range  of 
0.2-0. 3%.  It  Is  persuasive  evidence  that  the  effect  of  humidity  on  surface 
ductility  does  not  arise  from  hydrogen  liberated  by  oxidation  of  the 
surface. 

In  Table  3,  we  use  the  parameter  o  to  rank  the  four  investigated 
combinations  of  environment  according  to  their  effect  on  matrix  ductility,  a 
Is  the  material  parameter  In  the  relationship  Aepmax(N)  ■  otD,  and  has  been 
extracted  by  analysis  of  microplasticity  data  as  discussed  earlier.  Since 
a(N)  Is  a  function  of  fatigue  cycles,  N,  only  the  three  combinations  for  which 
data  were  obtained  at  20,000  cycles  can  be  compared  directly.  The  fatigue 
lifetime  of  hydrogen  charged  Heat  III  material  was  too  short  to  experimentally 
determine  a  accurately  at  20,000  cycles.  A  crude  estimate  suggested  by  the 
theory  of  Chang  et  al .  [14]  Is  that  ct(20,000)  *  4*a(5,000);  this  has  been  used 
to  provide  the  value  listed  in  Table  3. 


Table  3 


Effect  of 

Environment  on 

Matrix  Ductility 

Material 

Environment 

a  (20,000)  (urn"1) 

Heat  III 

Low  H 

50%  R.H. 

0.6  x  10”5 

Heat  III 

Low  H 

0%  R.H. 

1.73  x  10“5 

Heat  II 

High  H 

50%  R.H. 

2.97  x  10“5 

Heat  III 

Hydrogen  Charged 

50%  R.H. 

8.96  x  10"5 
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Naturally,  combinations  of  materials  and  environment  giving  smaller 
values  of  a  are  those  which  display  the  least  microplasticity,  and  in  which 
the  fewest  particles  are  fractured  by  fatigue.  It  appears  that  hydrogen 
increases  the  rate  of  formation  of  localized  plastic  strain  in  2219  fatigued 
in  50%  humidity  by  a  factor  of  5-15  depending  on  the  alloy  hydrogen  content. 
The  amounts  of  hydrogen  that  lead  to  these  changes  are  too  small  to  accurately 
characterize,  but  for  Heat  II  are  known  to  be  less  than  1  ppm  by  weight.  One 
concern  was  that  aging  of  the  2219  during  charging  In  the  hot  salt  might  have 
contributed  to  1  s  change  In  properties.  This  appears  not  to  be  the  case; 
charging  Induced  only  minor  surface  damage  which  was  removed  by  polishing 
prior  to  fatigue.  Also,  two  specimens  exposed  to  the  hot  salt  but  placed 
outside  of  the  charging  loop  retained  the  fatigue  lifetime  and  microplasticity 
characteristic  of  uncharged  material. 

We  draw  three  conclusions  from  the  agreement  between  predicted  and 
measured  numbers  of  constituent  particles  fractured  by  fatigue,  shown  In 
Fig.  17.  First,  at  the  cyclic  stress  amplitude  used,  elastic  strain  In  the 
particles  resulting  from  localized  microplasticity  substantially  exceeds  the 
elastic  strain  from  the  external  load,  and  is  the  prime  factor  In  particle 
fracture.  Second,  the  surface  energy  of  the  fracture  plane  Is  essentially  the 
same  for  the  preponderance  of  the  particles,  and  Is  Insensitive  to  either 
hydrogen  content  or  to  humidity.  Third,  hydrogen  and  humidity  act  to  Induce 
changes  In  numbers  of  particles  fractured  by  altering  the  propensity  of  the 
matrix  at  the  surface  to  undergo  microplastic  deformation.  Because  of  the 
simplistic  nature  of  the  model  of  particle  fracture,  however,  small  direct 
effects  of  the  environment  on  particle  fracture  energy  would  not  be  unambig¬ 
uously  detectable.  Also,  not  shown  In  Fig.  17  Is  an  error  band  around  the 
predicted  values  that  results  from  the  measurement  of  Aer,  which  further  pre¬ 
cludes  the  detection  of  such  small  effects. 

Actually,  quite  by  accident,  we  discovered  one  anomaly  which  suggests 
that  not  all  the  particles  have  the  same  fracture  surface  energy,  y.  In  the 
Heat  III  material  fatigued  In  50%  humidity,  more  particles  were  fractured  in 
75  urn  grains  than  predicted.  We  might  have  been  content  to  ascribe  this 
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difference  to  the  simplicity  of  our  fracture  model,  but  after  chemical  etching 
of  the  surface  to  expose  the  grain  boundaries  for  slip  distance  measurements, 
we  discovered  that  these  fractured  particles  belong  to  a  subset  (<3%)  which 
were  heavily  attacked  by  the  acid.  These  probably  have  a  smaller  than  average 
y.  Their  chemical  composition  Is  Indistinguishable  (as  measured  by  energy 
dispersive  x-ray  analysis)  from  the  remainder  of  the  particles.  Perhaps  their 
lower  fracture  energy  Is  related  to  their  structure. 

A  complete  theory  of  constituent  particle  fracture  by  fatigue  should 
Include  modeling  of  the  development  of  localized  microplasticity  and  of  the 
cyclic  hardening  of  the  surface  which  limits  it.  Elsewnere  [15]  we  have  dis¬ 
cussed  the  functional  form  of  models  which  can  be  used  to  predict  Aepnax. 

These  were  seml-empi rical  and  required  material  parameters  which  can  be  diffi¬ 
cult  to  measure  and  which  we  therefore  treated  as  empirical  constants.  The 
approach  Incorporated  the  effects  on  particle  fracture  of  grain  crystallogra¬ 
phic  orientation  and  of  cyclic  hardening  of  the  surface.  Consistent  with  the 
new  observations  above,  it  was  necessary  to  assume  that  the  constituent  par¬ 
ticles  have  a  range  In  y  values  to  explain  the  fracture  of  some  small  par¬ 
ticles  at  lower  cyclic  stress  amplitudes. 

A  more  fundamental  derivation  of  an  expression  to  predict  Aepmax 
needed.  Results  reported  here  on  the  effect  of  environment  on  nlcroplastlclty 
may  provide  some  guidance  for  this,  by  Indicating  the  mechanisms  which  control 
its  development.  Because  internal  hydrogen  increases  microplasticity  at  small 
plastic  strains,  while  humidity  decreases  microplasticity,  we  attribute  the 
humidity  effect  to  surface  oxide.  Grosskreutz  [4]  has  reported  that  teracious 
oxides  of  aluminum  can  lead  to  near-surface  tangling  of  dislocations  in  mono- 
tonically  loaded  specimens.  We  believe  that  the  same  mechanism  is  responsible 
for  the  small  ductility  of  the  surface  when  fatigued  In  humid  air.  Presum¬ 
ably,  the  oxide  inhibits  motion  of  dislocations  through  the  surface.  Appar¬ 
ently,  at  small  strains,  hydrogen  does  not  cross  the  surface  oxide  barrier, 
and  so  leaves  the  material  uneffected. 
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In  hydrogen  rich  2219,  cyclic  hardening  of  the  surface  is  very  rapid 
after  Acp  exceeds  0.2%  to  0.3%.  Similar  responses  of  Ni  [22]  and  iron  alloys 
[23,24]  to  hydrogen  in  monotonically  loaded  specimens  have  been  reported,  and 
consist  of  apparent  enhanced  ductility  at  small  plastic  strains  and  decreased 
ductility  at  large  strains. 

We  report  in  Section  3.0  that  the  plastic  deformation  associated  with 
short  surface  crack  growth  In  A1  2219-Tt  51  is  less  in  the  hydrogen  rich  mate¬ 
rial.  This  is  yet  another,  and  the  more  typically  observed,  manifestation  of 
the  embrittlement  of  hydrogen  at  large  plastic  strains.  Thus,  it  appears  that 
hydrogen  degrades  the  fatigue  performance  of  A1  2219-T351  in  two  ways.  At 
small  strains  it  enhances  microplasticity  and  accelerates  crack  initiation. 

At  large  strains  it  reduces  ductility  and  accelerates  crack  propagation.  It 
is  hoped  that  continued  research  will  ultimately  allow  these  processes  to  be 
accurately  modeled. 

2.3  Localized  Surface  Hardening  at  Small  Strains 

2.3.1  Introduction 

Results  in  Section  2.2  show  that  with  repeated  fatigue  the  stress- 
strain  hysteresis  loop  within  individual  surface  grains  slowly  opens  from  the 
initially  elastic  condition.  This  is  apparently  In  response  to  a  progressive 
Increase  in  mobile  dislocations  within  the  grain.  After  substantial  fatigue 
the  loop  closes  as  the  mobility  of  these  dislocations  decreases.  This  behav¬ 
ior  occurs  at  cyclic  stress  amplitudes  sufficiently  small  that  the  bulk  defor¬ 
mation  remains  indistinguishable  from  linearly  elastic.  Measured  values  of 
microplastic  strain  (Section  2.2)  are  in  essence  determined  by  a  product  of 
the  mobile  dislocation  density  and  a  mobility  factor.  Ideally  we  would  like 
to  know  these  factors  separately.  An  indentation  hardness  test  provides  a 
means  to  qualitatively  characterize  dislocation  mobility.  Microhardness 
progress4 vely  increases  in  Heat  III  material  with  fatigue  In  a  manner 
Illustrated  in  Fig.  20,  It  thus  appears  likely  that  localized  hardening  of 
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Knoop  hardness  measurements  vs  grain  size  after  a  sample  of  A1  2219- 
T851  has  been  fatigued. 
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the  surface  begins  early  during  fatigue  in  the  2219  alloy.  Opening  of  the 
stress-strain  hysteresis  loop,  then,  occurs  because  the  density  of  mobile 
dislocation  Is  Initially  low  and  increases  rapidly. 

At  least  two  stages  of  cyclic  hardening  of  the  surface  must  be 
considered.  The  mlcroplastlclty  data  Indicate,  for  Instance,  that  hydrogen 
Increases  the  local  hardness  at  plastic  strain  greater  than  0.3%.  This  is  the 
same  trend  as  is  observed  In  large  strain  experiments  made  using  small  surface 
cracks.  However,  we  need  to  determine  the  effect  of  hydrogen  hymldity  on 
localized  hardening  of  a  thin  layer  of  the  surface  as  tht  localized  micro- 
plasticity  begins  to  develop.  This  can  substantially  effect  the  peak  value  of 
plastic  strain  developed  during  fatigue  and  thus  impact  crack  Initiation 
behavior.  A  method  Is  discussed  to  characterize  the  quantity  of  interest  by 
determining  the  effect  of  hardening  on  the  dynamics  of  development  of  a  new 
plastic  zone  as  a  surface  crack  tip  begins  propagation  into  a  new  surface 
grain. 


2.3.2  Incubation 

Frequently,  the  propagation  of  a  surface  crack  is  temporarily 
interrupted  when  a  tip  reaches  the  vicinity  of  a  grain  boundary.  Several 
features  of  this  phenomenon  allow  It  to  be  recognized  as  resulting  from  a 
mechanism  distinct  from  crack  closure  stress.  For  Instance,  Incubation  is 
observed  even  If  the  subsequent  growth  Is  crystallographic,  In  which  case 
closure  stress  Is  unimportant  because  it  Is  small  [21],  Growth  Is  completely 
stopped  by  the  Incubation  mechanism,  while  it  Is  frequently  only  slowed  by 
closure  stress.  Moreover,  the  duration  of  Incubation  decreases  substantially 
with  Increased  amplitude  of  the  cyclic  stress,  a  result  not  expected  from 
closure  stress. 

After  a  crack  tip  stops  at  a  boundary,  changes  which  precede  renewed 
growth  can  be  seen  by  measuring  the  crack  tip  opening  displacement  (CTOO) 
during  progressive  fatigue.  We  have  done  this  for  numerous  cracks  in  A1  2219 
T851,  and  find  that  If  the  growth  into  the  next  grain  is  non-crystallographlc 
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It  is  preceded  by  a  progressive  Increase  in  CTOD  up  to  a  critical  value.  This 
critical  value  increases  linearly  with  the  size  of  the  grain  at  the  crack  tip 
[20].  An  example  of  this  behavior  is  given  in  Fig.  21,  In  which  the  plastic 
component  of  the  opening  displacement  (CT0Dp)  is  plotted  versus  fatigue 
cycles.  CTOOp  is  the  measured  CTOD  minus  the  estimated  elastic  tip  opening, 
which  Is  taken  as  10%  of  the  opening  <S(cmax)  of  the  center  of  the  crack  [20], 
The  tip  of  the  grain  sized  crack  In  A1  2219-T851  (Heat  III)  arrived  at  the 
boundary  at  15  x  103  cycles,  at  which  point  the  tip  opening  was  elastic.  With 
progressive  fatigue  CT0Dp  increased  until  growth  recommenced  at  35  x  103 
cycles.  We  find  that  the  later  a  crack  tip  arrives  at  a  boundary,  the  longer 
is  the  average  period  of  non-propagation.  Frequently  CT0Dp  -  0  at  the  tips  of 
the  permanently  stopped  cracks. 

Chang  et  al .  [14]  have  proposed  a  model  of  incubation  based  on  the 
following  picture.  Slip  Is  confined  between  the  crack  tip  and  the  grain 
boundary  as  growth  procedes  toward  a  boundary.  Thus,  when  a  crack  tip  first 
reaches  a  grain  boundary,  very  little  deformation  In  the  new  grain  has  taken 
place  and  CT0Dp  Is  Initially  small.  Propagation  Into  the  new  grain  requires 
that  an  energy  balance  criterion  derived  by  Cottrell  [25]  be  met.  For  short 
cracks  for  which  AK^  <  AK0,  the  plastic  strain  needed  to  achieve  propagation 
accumulates  as  dislocations  (of  number  n)  are  developed  with  cyclic  loading  in 
a  slip  band  of  length  D  in  the  next  grain.  We  assume  CT0Dp  «  nD.  Chang  et 
al.  have  proposed  that  the  production  of  new  dislocations  in  the  band  is 
driven  by  a  local  stress  of  the  form  /2c(t  -  tq  -  f(D)n)  giving 

gjj-  ■  CjD/Sc  (t  -  tq  -  f (D)n)  .  (4) 

C^  is  a  material  parameter,  t  is  a  peak  applied  shear  stress,  2c  a  crack 
length,  and  t0  and  f(D)n  are  a  friction  stress  and  a  back  stress,  respec¬ 
tively.  For  constant  crack  length,  an  expression  for  the  duration  of  Incuba¬ 
tion  can  be  obtained  by  Integration  of  F.q.  (4)  and  application  of  the  Cottrell 
criterion.  In  a  first  order  approximation  there  is  no  effect  of  back  stress 
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Fig.  21  Progressive  Increase  In  CT0Dd  for  a  crack  tip  which  reached  the  grain 
boundary  at  15  *  103  fatlgue^cycles  In  AT  2219-T851.  Theoretical 
curve  Is  from  Eq.  (8). 
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on  Incubation  and  the  predicted  duration  of  incubation  does  not  Increase  with 
prior  fatigue. 

To  rectify  this  discrepancy  we  hypothesize  that  the  friction  stress 
( t ■( )  Increases  with  fatigue  from  an  Initial  value  tq  at  a  rate 

dl1 

-Jjq—  »  e  (T  -  T1  )  (5) 

We  present  elsewhere  [26]  evidence  that  the  surface  of  A1  2219-T851  cyclically 
hardens  during  fatigue.  This  justifies  the  trend  but  not  the  exact  form  of 
Eq.  (5).  The  duration  of  non-propagation  ( AN j )  for  a  crack  tip  which  arrives 
at  a  boundary  at  Ns  fatigue  cycles  that  one  obtains  depends  on  approximations 
made  In  applying  the  Cottrell  criterion.  We  consider  both  2c  and  n  small ,  and 
assume  that  the  net  section  stress  rather  than  local  stress  Is  appropriately 
used  in  the  Cottrell  expression,  and  obtain 

n  >  C2/t  ,  (6) 

where  C2  Is  a  material  parameter.  To  derive  an  expression  for  AN j  we  replace 
tq  by  t ^  In  Eq.  (4),  Integrate  Eq.  (5)  to  express  as  a  function  of  t0  and 
cycles  N,  neglect  the  back  stress,  Integrate  Eq.  (4)  between  limits  N$  and  Ns 
+  aNj  cycles  and  evoke  Eq.  (6)  to  obtain 


At4Ni  c, 

JL 


0/?c  t ( t  -  T0)  e-0N  dN 


In  like  manner  CTQDp  ■  nD  becomes 


„  -0N.  -e(N«.+ANT) 

CT00p  «  DV2c  (T  -  tq)  e  5  -  e  5  1 
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This  representation  of  the  interruption  of  growth  by  grain  boundaries 
is  presently  under  evaluation.  As  reported  elsewhere  [21]  we  have  found  for 
2219  that  cracks  are  stopped  longer  by  small  grains,  consistent  with  this 
period  being  proportional  to  D/Zc.  CTODp  vs  N  data  such  as  given  In  Fig.  21 
appear  to  be  adequately  represented  by  Eq .  (8).  One  adjustable  coefficient 
has  been  used  to  obtain  the  curve  shown  Fig,  22,  but  the  departure  from 
linearity  Is  attributable  to  cyclic  hardening  of  the  surface,  and  the  value  of 
o  »  3.5xl0-5  cycles"*  used  comes  from  an  independent  measurement  [27]  of  e 
from  Its  effect  on  constituent  particle  fracture.  Incubation  has  been 
observed  in  several  aluminum  alloys  [28]  in  addition  to  2219  Including  A1 
6061-T6,  A1  7075- .6  and  A1  2024-T3.  The  effect  of  prior  fatigue  on  the  dur¬ 
ation  of  Interruption  of  growth  Is  especially  strong  In  the  latter  material. 
Results  for  A1  2024-T3  in  Fig.  22  show  that  measured  values  of  ANj  (normalized 
using  D/Zc)  Increase  with  N$.  These  observations  were  made  by  repeated  exam¬ 
ination  of  stopped  cracks  at  Intervals  during  fatigue  to  determine  ANj. 

Results  shown  are  for  cracks  with  lengths  nearly  constant  during  fatigue  and 
the  lines  In  Fig.  22  are  of  the  form 

tn  [ANjD/Zc]  +  Jin  [t(t  -  Tq)^/^]  ■  9N,,  ,  (9) 

an  expression  obtained  from  Eq.  (7)  for  constant  2c.  By  fitting  Eq,  (9)  to 
experimental  data  one  obtains  an  estimate  of  a  surface  hardening  coefficient 
at  small  plastic  strains.  In  2219,  9  Is  a  function  of  alloy  hydrogen  content 
and  ambient  humidity,  as  Is  discussed  in  Section  4.0. 
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Fig. 


SC807S34A 


12  Duration  of  Incubation  In  A1  2219-T851  as  a  function  of  the  cycles 
(N$)  required  for  crack  tins  to  reach  a  grain  boundary  Is  longer  In 
humid  than  In  dry  laboratory  air  and  Increases  with  Ns.  Theoretical 
curve  Is  from  Eq.  (9). 


51 


Rockwell  International 

Science  Center 


SC5211.3FR 

3.0  LOCALIZED  PLASTIC  DEFORMATION  OF  THE  SURFACE  -  THE  LARGE  STRAIN  CASE 
3.1  Summary  of  Prior  Results 

Rice  [29]  suggested  that  the  plastic  component  of  crack  tip  opening 
displacement  CT0Dp  «  £yZ0/2,  where  z0  is  the  size  of  the  plastic  zone  and  ey 
is  the  strain  at  the  yield  strength.  For  short  surface  cracks  In  aluminum 
alloys  fatigued  below  the  yield  strength,  z0  is  the  distance  of  the  crack  tip 
to  the  next  grain  boundary  (Fig.  23).  A  measurement  of  CT0Dp  v  z0  can  there¬ 
fore  be  used  to  obtain  ey,  a  parameter  which  describes  one  facet  of  ductility. 
Results  typical  for  A1  2219-T851  alloy  are  shown  in  Fig.  24.  Parameters  of 
short  surface  cracks  are  measured  In  the  SEM  using  a  jig  which  permits  speci¬ 
mens  to  be  loaded  to  the  maximum  tensile  stress  applied  during  fatigue 
(Fig.  4).  Measurements  made  for  each  crack  tip  are  Illustrated  In  Fig.  23. 

We  Infer  from  results  of  an  analysis  by  Green  and  Sneddon  [30]  that  for  an 
elastic  crack  (l.e.,  as  z0  +  0)  CT0D/6^cjmaxj  *  0.1.  The  parameter  ^(o^gx)  is 
the  opening  at  the  center  of  the  crack  and  is  approximately  proportional  to  the 
crack  length  2c.  Thus  with  the  normalization  used  In  Fig.  24,  all  deformation 
above  the  dashed  line  Is  plastic.  For  convenience,  we  define  a  normalized 
strain  given  by  Eq.  (10),  which  represents  a  normalized  failure  strain  for 

the  material  In  environment.  The  actual  strain  -  0.0182  The 

y  max  y'  yield 

proportlonalty  coefficient  comes  from  the  ratio  of  crack  opening  to  crack 

I 

length,  which  Is  only  approximately  known.  Thus  Is  determinable  with  more 

accuracy  than  Is  ey.  Further  details  are  given  In  Ref.  28  and  are  to  be 
published. 
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Values  of  e'  for  A1  2219-T851  are  discussed  in  Section  4.0. 
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Fig,  24  Crack  tip  opening  displacement  vs  distance  zp  of  the  crack  tip  to  the 
next  grain  boundary  for  AT  2219-T851.  With  the  normalization  used  a 
value  of  CT0D/6(omax)  ■  0,1  is  the  elastic  component  of  the  opening 
displacement.  Plastic  component  increases  with  Increased  distance  of 
crack  tip  to  boundary.  Cashed  line  Is  predicted  elastic  opening 
displacement. 
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4.0  DISCUSSION 

Our  results  address  three  aspects  of  the  properties  of  the  surface  of 
aluminum  alloys  subjected  to  fatigue  in  the  bulk  linearly  elastic  regime. 

These  are:  (1)  the  nature  of  the  localized  deformation  at  the  surface, 
including  the  discovery  of  localized  microplastic  deformations  of  substantial 
magnitude;  (2)  the  effect  of  ambient  humidity  and  internal  hydrogen  on  this 
plasticity;  (3)  and  the  relationship  of  localized  plasticity  to  crack  initia¬ 
tion  and  crack  growth. 

4.1  Localized  Microplastic  Deformation  of  the  Surface  of  A1  2219-T851 

Microplasticity  measurements  made  within  Individual  surface  grains 
show  that  the  surface  of  aluminum  alloys  can  deform  plastically  while  the 
subsurface  remains  elastic.  The  average  strain  in  the  surface  Is  determined 
by  the  elastic  constraints  of  the  subsurface,  and  this  Is  why  conventional 
techniques  are  not  able  to  measure  the  large  amount  of  localized  plasticity 
that  takes  place.  At  anyone  time  only  a  few  surface  grains  sustain  large 
tensile  plastic  strains,  and  these  are  offset  by  compressive  elastic  reactions 
In  surrounding  areas  of  the  substrate.  For  A1  2219-T851  fatigued  at  ±  270  MPa 
the  surface  is  Initially  elastic.  With  continued  cyclic  loading,  the  stress- 
strain  hysteresis  loop  within  Individual  grains  first  slowly  opens  and  then 
begins  to  close.  This  process  tends  to  occur  first  within  grains  having  large 
surface  cross-sections.  We  attribute  the  substantial  scatter  in  the  data  to 
grain  crystallographic  orientation  and  to  subsurface  grain  shape.  In  agree¬ 
ment  with  model  of  Chang  et  al .  [14]  and  Tanaka  and  Mura  [10],  grain  size  Is 
an  Important  parameter  In  the  development  of  microplasticity.  These  models 
attribute  the  progressive  opening  of  the  local  stress-strain  hysteresis  loops 
to  the  production  of  new  mobile  dislocations  on  each  loading  cycle  In  a  number 
proportional  to  the  grain  size.  Neither  model  considers  the  effect  of  cyclic 
hardening  of  the  individual  trains,  which  Is  apparently  responsible  for 
closing  of  the  loops  with  sustained  fatigue.  An  phenomonological  representa¬ 
tion  of  the  localized  microplastic  deformation  of  the  surface  which  Includes 

55 

C4196A/bw 


Rockwell  International 

Science  Center 


SC5211.3FR 


descriptions  of  both  the  development  of  localized  plastic  strain  and  hardening 
to  the  elastic  state  are  discussed  elsewhere  [15], 


4.2  Effects  of  Ambient  Humidity  and  Internal  Hydrogen  on  Surface  Local 
Mlcroplasclc  Behavior 

Summarized  in  Table  4  are  the  effects  of  ambient  hyumldity  and 
Internal  hydrogen  on  the  mechanical  properties  of  the  surface  of  A1  2219-T851. 


Table  4 

Effect  of  Environment  on  Surface  Mechanical  Properties 


'for  20,000  cycles  at  ±  270  MPa 


The  response  of  the  surface  to  environment  is  divided  into  small 
plastic  (<  0.5%)  and  large  plastic  strain  (»  1%)  cases.  Parameters  a,  9,  and 
e^,  describe  various  aspects  of  the  mechanical  properties  of  the  surface  which 
are  environmentally  sensitive.  Presently,  they  must  be  treated  as  empirical 
coefficients,  although  their  qualitative  relationships  to  more  fundamental 
parameters  are  partially  understood. 

The  rate  at  which  new  mobile  dislocations  are  developed  by  fatigue 
Increases  with  the  a  value  of  a  material.  At  small  plastic  strains  localized 
hardening  of  the  surface  Is  manifest  by  the  progressive  reduction  with  fatigue 
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In  the  rate  of  crack  growth  across  grain  boundaries.  Parameter  9  (and  Eq. 

(7))  describes  this  behavior.  Large  values  of  e  are  associated  with  less 
dislocation  mobility  and  larger  periods  of  no  growth  of  surface  cracks  at 
grain  boundaries.  The  same  parameters  appears  in  two  other  models  which 
require  an  accurate  calculation  of  the  peak  tensile  local  plastic  strains 
which  develop  at  a  surface.  In  both  cases  the  predicted  values  of  fatigue 
induced  surface  plasticity  are  larger  than  observed,  if  cyclic  hardening  of 
the  surface  Is  excluded  from  the  model  [15,27], 

Parameter  describes  the  local  ductility  of  the  alloy  matrix  at  the 
large  plastic  strains  associated  with  fatigue  crack  tips.  Trends  In  this 
quantity  with  environment  are  similar  to  those  seen  in  measured  residual 
strain,  obtained  by  the  reference  gauge  technique,  after  substantial  cyclic 
hardening  of  the  surface  has  taken  place.  Clearly,  the  local  hardening  of 
Individual  surface  grains  Is  a  complex  process  for  which  9  and  represent 
performance  only  In  the  limiting  cases  of  small  and  large  plastic  strains 
respectively. 

The  observed  effects  of  Internal  hydrogen  and  of  ambient  environment 
on  a,  9  and  e'  are  rationalized  as  follows.  At  small  plastic  strains  Internal 
hydrogen  Increases  the  rate  of  buildup  of  localized  values  of  the  tensile 
plastic  deformation  sustained  within  an  individual  grain  on  each  tensile  load¬ 
ing  cycle.  Apparently  hydrogen  decreases  the  rate  of  early  cyclic  hardening 
of  the  surface.  The  large  local  ductility  of  hydrogen  charged  2219  Indicates 
that  hydrogen  also  Increases  the  rate  at  which  new  mobile  dislocations  are 
formed  on  each  loading  cycle.  In  low  hydrogen  content  aluminum,  ambient 
humidity  decreases  localized  surface  microplasticity  over  that  In  dry  air. 

This  Is  opposite  to  the  effect  of  Internal  hydrogen,  and  Is  evidence  that  at 
small  plastic  strains  the  hydrogen  from  the  water  vapor  does  not  significantly 
effect  the  mechanical  properties  of  the  surface.  We  think  this  Is  probably 
because  of  the  limited  diffusion  of  hydrogen  across  the  surface  oxide  bar¬ 
rier.  Instead,  It  can  be  argued,  as  previously  noted  by  Grosskreutz  [4],  that 
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the  surface  oxide  effects  subsurface  dislocation  mobility  leading  to  reduced 
ductility  at  small  strains. 

For  large  plastic  strains  it  is  apparent  that  hydroc,  ,  from  either 
internal  or  external  sources  reduces  the  local  ductility  of  the  surface.  This 
suppresses  further  crack  initiation  but  accelerates  short  crack  growth  rates. 
Similar  effects  of  hydrogen  have  been  found  in  iron  and  nickel  alloys, 
although  at  much  larger  hydrogen  contents  than  at  the  less  than  1  ppm 
important  to  aluminum  [22,23], 

No  consensus  has  been  reached  on  the  underlying  mechanism  of  the 
activity  of  the  hydrogen.  Heubaum  and  Birnbaum  suggest  that  hydrogen  may 
change  the  degree  of  screw  character  in  the  dislocation  motion  at  low  plastic 
strains  [22].  M.  Fine  [31]  has  recently  suggested  that  solid  solution 
softening  of  the  surface  in  the  presence  of  small  amounts  of  hydrogen  might 
explain  the  observations.  We  think  this  Interpretation  merits  further 
consideration. 

4.3  Relationship  of  Localized  Plasticity  to  Crack  Initiation  and  Growth 

Rates  of  consltuent  particle  fracture  in  2219  are  derived  by  using  a 
single  value  of  fracture  surface  energy  for  all  environments.  The  substantial 
effect  of  Internal  hydrogen  and  water  vapor  on  number  of  particles  broken  by 
fatigue  are  predictable  from  the  changes  which  are  Induced  in  the  peak  tensile 
plastic  deformation  within  ^ ndi v 1  dual  grains  at  the  surface. 

Hydrogen  reduces  the  ductility  of  the  aluminum  matrix  at  surface 
crack  tips.  Crack  closure  stresses  associated  with  crack  tip  plasticity  are 
decreased  and  the  propagation  rates  are  increased  by  this  change  in  ductility. 
While  rigorous  experiments  remain  to  be  completed,  it  appears  that  the  only 
important  effect  of  the  hydrogen  on  short  crack  growth  in  2219  Is  to  change 
the  closure  stress  by  altering  plasticity.  There  is  no  evidence  that  hydrogen 
changes  the  local  fracture  strength  of  the  material  at  the  crack  tip.  A 
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similar  conclusion  can  be  reached  from  studies  reported  by  Buck  et  al .  [32] 
for  long  cracks  in  Al  7075-T6  alloy. 

Heat  to  heat  variations  in  the  hydrogen  content  of  commercial  alum¬ 
inum  alloys  is  sufficient  to  substantially  effect  alloy  lifetime.  In  addi¬ 
tion,  grain  size,  and  the  distribution  in  constituent  particle  sizes  in  alloys 
are  important  parameters  effecting  lifetime.  Figure  25  shows  a  comparison  of 
predicted  and  measured  distributions  in  fatigue  lifetimes  of  Al  2219-T951 
alloy  obtained  using  Rockwell  IR&D  funds.  Predicted  values  are  from  a  Monte 
Carlo  simulation  [33]  of  crack  initiation  and  crack  growth  in  computer  simu¬ 
lated  smooth  bar  specimens  fatigued  at  a  cyclic  stress  amplitude  of  ±  270 
MPa.  This  simulation  Incorporates  models  [21]  which  utilize  parameters 
derived  from  the  environmental  studies  reported  here.  A  statistical  distribu¬ 
tion  in  lifetimes  is  obtained  by  repeated  operation  of  the  simulation  for  bars 
of  different  local  microstructure  (i.e.,  in  local  grain  size,  and  the  size  and 
location  of  constituent  particles  they  contain),  obtained  by  random  selection 
from  experimentally  measured  distributions  in  the  microstructural  quantities 
[18].  Materials  A  and  C  demonstrate  for  fixed  hydrogen  content  that  the  pre¬ 
dicted  effect  of  decreasing  grain  size  from  60  to  30  um  is  to  Increase  the 
alloy  fatigue  lifetime  for  fatigue  at  t  270  MPa.  ?or  the  two  commercial 
alloys  used  In  this  study  both  alloy  grain  size  and  hydrogen  content  are 
variables.  Heat  II,  which  has  the  smaller  grain  size  and  higher  hydrogen 
content,  has  a  shorter  fatigue  lifetime  than  does  Heat  III.  Both  the  Monte 
Carlo  simulation  and  experiment  show  that  hydrogen  content  is  the  more 
Important  parameter.  Hydrogen  shortens  fatigue  lifetime  by  ircreasing  t.ie 
local  ductility  of  the  alloy  matrix  at  the  surface  during  fatigue,  thus 
accelerating  crack  Initiation;  and  by  decreasing  crack  tip  ductility  during 
growth,  lowering  the  crack  closure  stress  and  accelerating  the  early  cr?ck 
growth  rates. 
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Fig.  25  Effect  of  alloy  grain  size  and  hydrogen  content  on  the  scatter  in 
lifetime  for  three  cases.  Data  are  from  smooth  bars,  and  curves  are 
obtained  by  a  Monte  Carlo  simulation  of  crack  initiation  and  growth 
for  1000  simulated  fatigue  specimens  of  each  material. 
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5.0  CONCLUSIONS 

1.  Localized  plastic  deformation  of  A1  2219-T851  occurs  within 
individual  surface  grains  during  fatigue,  even  if  the  bulk 
loading  is  linearly  elastic.  Initially  the  surface  deformation 
is  also  elastic,  but  with  repeated  cyclic  loading  plastic 
strains  within  a  large  grain,  on  a  single  tensile  cycle,  can 
exceed  0.5%. 

2.  The  rate  at  which  the  localized  plasticity  developes  and  the 
peak  strains  attained  on  any  cycle  are  extremely  sensitive  to 
both  Internal  hydrogen  content  (at  <  1  ppm)  and  to  atmospheric 
humdlty.  Internal  hydrogen  Increases  the  initial  rate  at  which 
the  local  stress-strain  loops  open  with  fatigue.  Atmosphere 
humidity  decreases  the  rate  of  loop  opening  from  that  measured 
in  dry  air. 

3.  Constitutent  particles  at  the  surface  are  fractured  at  a  criti¬ 
cal  value  of  peak  tensile  local  plastic  strain.  The  strong 
effect  of  environment  on  particle  fracture  comes  from  Its 
effects  on  the  local  ductility  of  the  matrix  material  within 
individual  grains  at  the  surface. 

4.  At  the  large  plastic  strains  associated  with  short  surface  crack 
propagation,  hydrogen  from  either  internal  or  external  (humid¬ 
ity)  sources  decreases  the  ductility  of  material  at  the  crack 
tip  and  accelerates  cra^k  growth  rates. 
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The  elements  of  a  methodology  to  calculate 
the  scatter  In  fatigue  lifetime  of  alloys  are 
descrloed.  Lifetime  variations,  which  arise  from 
differences  In  microstructure  from  speclmen-to- 
specimen  of  a  uniform  heat  of  material  and  from 
differences  In  alloy  grain  size  and  In  mechanical 
properties  from  heat-to-heat  are  treated.  The 
models  are  formulated  for  certain  structural  alu¬ 
minums  for  which  the  dominant  mode  of  crack  Initi¬ 
ation  Is  by  fracture  of  constituent  particles  at 
the  surface.  However,  the  techniques  should  be 
extendable  to  other  structural  materials. 

Fatigue  lifetime  Is  predicted  by  combining 
models  of  crack  initiation  and  of  short  crack 
growth  to  develop  a  Monte  Carlo  simulation  of  the 
failure  process  on  a  microscopic  level.  Predicted 
statistical  fluctuations  in  lifetime  arise  In  the 
model  from  small  random  differences  in  the  size 
and  shape  of  grains  In  the  vicinity  of  sites  of 
crack  Initiation  and  from  variations  In  the  size 
of  constituent  particles  and  In  their  location 
relative  to  the  grain  boundaries.  Crack  Initia¬ 
tion  and  growth  models  are  described,  and  results 
which  test  predictions  of  microscopic  cracking 
behavior  are  presented.  The  models  fall  into 
three  classes. 

Intermediate  growth  concerns  propagation  of 
short  cracks,  typically  two  to  ten  grain  diameters 
long,  for  which  linear  elastic  fracture  mechanics 
(LEFM)  must  be  slightly  modified  to  accurately 
predict  propagation  rate.  At  least  one  parameter 
In  addition  to  cyclic  stress  Intensity  (AK)  Is 
required.  Models  are  presented  for  cases  In  which 
the  fracture  surface  roughness  changes  with  crack 
length,  thereby  modifying  the  cyclic  stress  Inten¬ 
sity  factor,  and  In  which  an  elastic-plastic  cor¬ 
rection  to  LEFM  must  be  made  to  account  for  large 
plastic  zone  size.  Two  other  examp’es  are  given 
In  which  Intermediate  growth  behavior  Is  affected 
by  the  Interruption  of  growth  by  grain  boundaries. 

Early  growth  concerns  the  propagation  of 
cracks  of  approximately  the  grain  size.  Propaga¬ 
tion  of  such  cracks  Is  substantially  affected  by 
grain  boundaries  In  structural  aluminums,  and  LEFM 
must  be  modified  severely  to  predict  growth  rate 
from  the  microstructure  In  the  crack  path.  The 
blockage  of  growth  of  surface  cracks  In  A1  2219- 
T851,  and  A1  7075-T6  Is  demonstrated  by  plotting 
the  relative  location  of  surface  crack  tips,  which 
are  found  to  be  clustered  at  the  boundaries.  Two 
mechanisms  that  contribute  to  this  phenomenon  are 
analyzed  In  detail.  Incubat1_on_  Is  the  requirement 
that  the  material  at  the  crack  tip  be  plastically 
deformed  before  growth  begins  Into  the  next  grain. 
We  show  for  a  A1  2024-T3  alloy  that  the  duration 
of  non- propagation  from  incubation  Increases  as 
the  surface  cyclically  hardens  during  fatigue. 
Crack  closure  stress  arising  from  crack  tip  plas- 
tlclty  fluctuates  with  plastic  zone  size  which  Is 
controlled  by  grain  boundary  constraints  In  A1 
2219-T851.  Rates  of  propagation  of  surface  cracks 
In  the  2219  alloy  are  predicted  from  the  size  and 


shape  of  grains  in  the  crack  path,  using  empirical 
models  of  Incubation  and  closure  stress. 

Crack  Initiation  at  constituent  particles  Is 
more  pi obable  In  large  particles  contained  within 
large  grains.  Models  of  this  phenomenon  are  dis¬ 
cussed  and  predicted,  and  measured  numbers  of  nar- 
tides  fractured  by  fatigue  In  A1  2219-T851  are 
compared. 

Models  of  crack  initiation  and  growth  are 
combined  to  predict  the  fatigue  lifetime  of  smooth 
bars  of  two  heats  of  A1  2219-T851.  These  differ 
In  grain  size  and  in  as-received  Internal  hydrogen 
content.  Results  are  shown  In  Fig.  1,  where  the 
dots  are  experimental  data  and  the  curves  are  from 
a  Monte  Carlo  simulation.  It  is  the  hydrogen  in 
alloy  B  which  reduces  fatigue  lifetime  compared  to 
the  larger  grain  size  alloy  A.  Alloy  C  Is  a  hypo¬ 
thetical  material  having  the  grain  size  of  B,  but 
no  internal  hydrogen.  We  conclude  the  paper  with 
a  discussion  of  the  Implications  of  the  statisti¬ 
cal  aspects  of  the  microscopic  failure  process  to 
prediction  of  early  fatigue  failure. 
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Fig.  1  Comparison  of  predicted  and  measured  dis¬ 
tribution  In  the  lifetime  of  smooth  bars 
of  A1  2219-T851  fatigued  at  *  270  MPa. 
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Environmental  humidity  and  internal  hydrogen 
are  shown  to  alter  the  number  of  constituent  par¬ 
ticles  which  fracture  on  the  surface  of  A1  2219- 
T8S1  specimens  during  fatigue.  The  role  of  local¬ 
ized  microplastic  deformation  of  the  surface  In 
this  crack  Initiation  process  Is  determined  by 
measuring  fatigue  Induced  plastic  strains  within 
individual  grains.  It  is  shown  that  the  micro¬ 
plastic  strains  are  altered  by  humidity  and  inter¬ 
nal  hydrogen  content  in  a  manner  consistent  with 
their  effects  on  particle  fracture.  A  simple 
model  based  on  a  strain  energy  criterion  for  par¬ 
ticle  fracture  is  proposed  to  relate  the  measured 
local  strains  to  the  numbers  and  sizes  of  par¬ 
ticles  which  fracture  during  fatigue.  The  model 
is  used  to  predict  the  percentage  of  particles  in 
the  A1  2219  alloy  which  fracture  as  a  function  of 
the  size  of  the  grain  in  which  they  are  contained. 

The  plastic  strains  were  measured  over  a 
gauge  length  of  2Q-4o  urn  by  placing  small  flakes 
of  mica  on  the  surface  of  specimens  after  fatigue 
[1],  'Scanning  electron  microscopy  was  used  to 
measure  load  induced  changes  in  the  distance  be¬ 
tween  points  on  the  alloy  substrate  by  using  the 
mica  as  a  reference.  The  plastic  strain,  Aer,  was 
measured  over  a  tensile  loading  cycle  and  is  the 
sum  of  the  local  plastic  strain  in  the  grain  and 
the  compressive  elastic  reaction  Induced  by  the 
surrounding  grains;  in  effect,  Acr  is  a  residual 
strain.  The  gauge  length  of  approximately  40  pm 
was  chosen  to  enable  accuracies  of  t  0.005%  strain 
to  be  obtained,  but  yet  to  be  small  enough  to 
allow  measurements  within  Individual  grains.  This 
made  It  possible  to  obtain  a  relationship  between 
Aer  and  the  distance  of  slip  between  grain  bound¬ 
aries  at  each  measurement  site.  Aer  was  found  to 
Increase  more  rapidly  during  fatigue  at  sites  of 
large  slip  for  specimens  fatigued  at  75%  of  the 
monotonic  yield  strength. 

Atmospheric  humidity  reduced  the  peak  plastic 
strains  achieved  during  fatigue  of  2219  as  com¬ 
pared  to  dry  air.  A  small  amount  of  internal 
hydrogen  (at  contents  less  than  1  ppm)  Increased 
the  development  of  localized  plasticity  at  plastic 
strains  less  than  0.3%.  This  shows  clearly  that 
the  effect  of  humidity  on  the  small  plastic 
strains  Important  to  crack  Initiation  does  not 
come  from  hydrogen  embrittlement  of  the  matrix. 
Later  In  fatigue,  cyclic  hardening  leads  to  de¬ 
creased  plasticity  within  the  larger  grains  at  the 
surface. 


The  strain  Important  to  particle  fracture  Is 
the  peak  tensile  plastic  strain  Aeom,  .  At  N  fa¬ 
tigue  cycles,  can  be  estimated  from  meas¬ 

ured  values  of  At,.  by  assuming  that  Ac™,,  is  pro¬ 
portional  to  the  peak  value  of  Ac.  experienced  at 
any  cycle  prior  to  N.  Since  Aer  is  dependent  on 
the  particle  to  grain  boundary  slip  distance,  0, 
we  can  write  an  empirical  relationship 


Acpmax  *  «(N)0  .  (1) 

a(N)  Is  determined  from  a cr  data  and  varies  with 
Internal  hydrogen  content  of  the  alloy. 

The  minimum  size,  wm1n,  of  constituent  par¬ 
ticle  which  can  be  fractured  by  a  local  strain  of 


Aep  Is  calculated  from  a  strain  energy  crite¬ 
rion  for  fracture.  He  equate  the  strain  energy  In 
a  particle  of  diameter  wmin  with  the  energy  re¬ 
quired  to  produce  the  fracture  surface  ana  obtain 


.  Ac 

pmax 

Parameter  8  Is  related  to  the  fracture  surface 
energy  which  Is  unknown.  A  single  value  of  8  was 
selected  to  describe  all  A1  2219-T851  alloys  in 
both  humid  and  dry  environments. 

Equations  (1)  and  (2)  are  applied  to  predict 
the  percentage  of  particles  fractured  by  fatigue 
in  2219.  One  comparison  of  predicted  and  measured 
values  Is  presented  In  Fig.  1  as  a  function  of  D, 
for  an  alloy  rich  In  internal  hydrogen.  Such 
comparisons  are  made  for  several  combinations  of 
alloy  hydrogen  content  and  environmental  humidity. 
We  conclude  that  the  substantial  effect  of  these 
factors  on  the  number  of  particles  broken  during 
fatigue  is  due  to  their  direct  effect  on  the 
microplastic  properties  of  the  alloy  surface. 


Fig.  1  Probability  of  a  particle  being  fractured 
versus  slip  distance' for  hydrogen  charged 
A1  2219-T851.  The  data  (solid  circles) 
are  plotted  as  a  histogram  over  25  um 
Intervals  in  si  Ip  distance.  The  solid 
curve  is  predicted  by  Eq.  (2). 
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